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ABSTRACT PAGE
Understanding how molecular and cellular events integrate into a physiological behavior
is a major question in neuroscience. Breathing can be easily studied using rhythmically
active in vitro models that provide experimental access to perform cellular- and synapselevel experiments. While it is widely accepted that breathing depends on a specific
region of the brainstem dubbed the preBotzinger complex (preBotC), the mechanisms
responsible for rhythm generation remain unclear. In Chapter 1, we examine the
pacem aker hypothesis, which posits that pacemaker properties and/or the persistent
sodium current (W ) are obligatory for rhythm generation. W e found that neither
pacemaker properties nor /n3p are essential for respiratory rhythm generation in preBotC
neurons. Next, we began testing the validity of the group pacem aker hypothesis, which
posits that the respiratory rhythm is an emergent network property that depends on
recurrent excitation coupled to intrinsic membrane properties in all preBotC neurons.
During the inspiration in vitro, all preBotC neurons exhibit 300-500 ms bursts of electrical
activity characterized by action potentials superimposed on a 10-30 mV envelope of
depolarization, dubbed the inspiratory drive potential. Chapters 2 and 3 examine how
synaptic and intrinsic membrane properties integrate to form inspiratory drive potentials.
In Chapter 2, we found that the calcium-activated non-specific cationic current ( / c a n ) is
responsible for ~70% of the inspiratory drive potential, / c a n activation depends on C a2+
influx from inositol 1,4,5-trisphosphate (IP 3 Rs)-mediated intracellular C a2+ release
coupled to group I metabotropic glutamate receptors (mGluRs), voltage-gated C a2+
channels (VGCCs) and possibly to a smaller extent NMDA receptors. Chapter 3
examines how AMPARs trigger inspiratory burst potential generation. W e found that
AMPAR-mediated depolarizations open VGCCs, which activate / c a n directly. Moreover,
C a2+ influx from V G C C was required to trigger IP 3 R-mediated intracellular C a2+ release.
In Chapter 4, we interpret respiratory frequency modulation within the context of the
group pacemaker hypothesis. W e show that blocking low-frequency AMPAR-mediated
excitatory postsynaptic potentials (EPSPs) causes rhythm cessation, which suggests
that low-frequency EPSPs are important for kindling the initial phase of recurrent
excitation. Through a meta-analysis of previously published work, we argue that
frequency modulation depends on the temporal summation of EPSPs and is largely
independent of changes in interburst spiking. In conclusion, our findings suggest that
respiratory rhythm generation and frequency modulation depends on the coupling of
synaptic and intrinsic membrane properties, which is most consistent with the group
pacemaker hypothesis.
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INTRODUCTION
Understanding how molecular and cellular events integrate into a physiological
behavior is a major question in neuroscience. A wide variety of simple behaviors, such
as locomotion, chewing, swallowing and breathing originate in neural networks called
central pattern generators (CPGs) located in the spinal cord and brainstem and are
studied using in vitro preparations (Feldman and Del Negro, 2006; Grillner, 2006; Jean,
2001; Kiehn, 2006; Marder, 2001). Breathing can be easily studied using rhythmically
active in vitro models that provide experimental access to perform cellular- and synapselevel experiments within the context of a real physiological behavior.
A specific region of the brainstem, dubbed the preBotzinger Complex (preBotC)
is essential for inspiratory rhythm in vitro and in vivo in neonatal rodents (Gray et a!.,
2001; McKay et al., 2005; Smith et al., 1991). The preBotC can be isolated in a
spontaneously active slice preparation that generates inspiratory-related motor nerve
output which can be measured via suction electrodes on the hypoglossal (XII) nerves
(Fig. 1.1). As the preBotC slice preparation encapsulates the minimal circuitry required
for inspiratory activity and provides a measurable motor output, it provides a more
accessible

model for understanding

respiratory

rhythm

generation

that

may

be

applicable to more intact conditions (Feldman and Del Negro, 2006).
The preBotC contains a network of excitatory glutamatergic neurons that
synchronously

produce

3 0 0 -5 0 0

ms

bursts during the

inspiratory

phase

of the

respiratory cycle in vitro (Feldman and Del Negro, 2006). At the cellular level, an
inspiratory burst is characterized by action potentials superimposed on a 10-30 mV
envelope of depolarization, i.e., inspiratory drive potential (Fig. 1.1). After >20 years of
1
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Figure 1.1. The in vitro slice preparation and experimental methodology. A, schematic depiction of
the slice preparation, illustatrating bilateral preBotC and XII motor nuclei (XII), as well as semi
compact division of the nucleus ambiguous (scNA). Patch and suction electrodes are also
illustrated. B, raw (grey) and smoothed (black) recordings of a preBotC neuron (Vm) and XII motor
output. Dashed lines surround a burst that was plotted on an expanded time scale. C, the
expanded burst from B (smoothed) is measured in regard to amplitude ( V m a x - V b a s e iin e ) and area ( / V
x eft) of the inspiratory drive potential.
research, the synaptic and intrinsic membrane properties underlying inspiratory drive
potential and respiratory rhythm generation remain unclear.
Despite the well-documented role of the preBotC, the neural mechanisms that
generate inspiratory rhythm have proved difficult to unravel, not yielding to orthodox
explanations

(Marder,

2001).

For

example,

CPGs

often

depend

on

canonical

mechanisms that incorporate synaptic inhibition or pacemaker neurons (Grillner, 2003;
Grillner, 2006; Marder and Calabrese, 1996). However, the blockade of synaptic
inhibition does not block respiratory rhythmogenesis in vitro (Brockhaus and Ballanyi,
1998; Feldman and Smith, 1989), and recent data are inconsistent with an obligatory
role for dedicated populations of pacemaker neurons in rhythmogenesis (Del Negro et
al., 2002a; Del Negro et al., 2005; Feldman and Del Negro, 2006; Kosmidis et al., 2004;
Paton et al., 2006).
An alternative theory, the group pacem aker hypothesis, predicts that respiratory

rhythm generation depends on recurrent excitation (network-based) coupled to, and
amplified by, intrinsic membrane properties (cellular-based). In this framework, periodic
synaptic input evoked postsynaptic membrane burst-generating currents that form the

2
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basis of inspiratory drive potentials. In contrast to the pacemaker hypothesis, rhythm
generation depends on all preBotC neurons that possess these intrinsic membrane, not
just a sub-population of neurons endowed with endogenous, but state-dependent,
bursting properties (Rekling et al., 1996; Rekling and Feldman, 1998).
Networks in the hippocampus and spinal cord produce rhythmic behaviors via a
mechanism that involves recurrent excitation, in which collective bursts are fueled by
positive feedback (Darbon et al., 2002; Miles and Wong, 1987). Spontaneous spiking in
a few neurons initiates a cascade whereby activity spreads through synaptic excitation
to quiescent neurons, with active neurons ultimately re-exciting themselves via
recurrent projections. Intrinsic cellular properties amplify synaptic depolarizations to
reinforce the excitatory cascade and promoting the propagation of inspiratory bursts
throughout the entire network. The network burst is followed by a transient silent
refractory period, which eventually gives way to the next cycle of recurrent excitation
(Ballerini et al., 1999; Darbon et al., 2002; Streit et al., 2001).
The emerging consensus is that excitatory network connections and intrinsic
cellular properties (that may or may not include obligatory pacem aker properties) are
important for respiratory rhythmogenesis (Butera et al., 2000; Pena et al., 2004; Rekling
and Feldman, 1998). However, the specific receptors and ionic conductances involved
remain speculative.
In this dissertation, we test how intrinsic membrane properties are coupled to
and amplify glutamatergic synaptic transmission to form the depolarization underlying
an inspiratory burst, i.e., the inspiratory drive potential. Moreover, we look at cellular and
synaptic mechanisms that regulate the frequency of respiratory rhythm generation,
which also provides insight into the events triggering inspiratory drive potential
generation.

3
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Chapter 1 addresses the role of the persistent sodium current ( W ) in respiratory
rhythm generation. The contribution of the /Nap-dependent bursting properties found in a
small subset of preBotC neurons in respiratory rhythm generation is highly debated
(Butera et al., 2005; Del Negro et al., 2002b; Del Negro et al., 2005; Feldman and Del
Negro, 2006; Paton et al., 2006; Purvis et al., 2007; Ramirez et al., 2004; Smith et al.,
2000). Moreover, W

is highly expressed in preBotC neurons (Del Negro et al., 2002a;

Ptak et al., 2005) and has been hypothesized to contribute to inspiratory drive potential
generation in non-pacemaker neurons (Feldman and Del Negro, 2006; Smith et al.,
2000). W e show that W

and pacemaker properties are not obligatory for inspiratory

drive potential generation. However, w e found that W

in raphe obscurus, but not

preBotC neurons, may contribute to respiratory rhythm generation in vitro. These
findings are inconsistent with the pacemaker hypothesis.
Chapter 2 evaluates the contributions of non-AMPA postsynaptic glutamate
receptors and intracellular Ca2+ signaling in drive potential generation. We found that
drive potentials depend on Ca2+ influx from voltage-gated Ca2+ channels (VGCCs) and
inositol 1 ,4,5-trisphosphate (IP3)-mediated intracellular Ca2+ release coupled to subtype
5 of the group I metabotropic glutamate receptors (mGluR5s). We posit that Ca2+ influx
is important because it evokes the Ca2+-activated non-specific cationic current

( / c a n ),

which is directly responsible for -7 0 % of the inspiratory drive potential in all preBotC
neurons.

We show that periodic synaptic inputs are coupled to intrinsic membrane

properties and give rise to membrane depolarizations on a cycle-to-cycle basis. As
predicted by the group pacemaker hypothesis (Feldman and Del Negro, 2006; Rekling
and Feldman, 1998), our findings suggest that intracellular second messenger signaling
serves as an important source of synaptic amplification.
Chapter 3 examines why AMPA receptors (AMPARs) are critical for respiratory
rhythm generation in vitro. We test whether AMPARs provide the

4
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pre-requisite

depolarization that opens voltage-gated Ca2+ channels (VGCCs), which w e posit trigger
drive potential generation. We show that AMPAR-mediated depolarizations evoke Ca2+
influx through VGCCs that (i) directly activates

/can

and

(ii)

is required to trigger the

inositol trisphosphate (IP3)-mediated intracellular Ca2+ release, which also activates

/can.

Chapter 4 looks at frequency modulation within the context of the group
pacemaker hypothesis. Since recurrent excitation begins as low frequency EPSPs in the
post-synaptic cell, w e predict and show that low-frequency AMPAR-m ediated EPSPs
are required for respiratory rhythm generation. Next, w e review past studies to provide
insight into the mechanisms that govern respiratory frequency modulation. These
findings also shed light onto the interburst events leading up and triggering inspiratory
burst potential generation.
The ultimate aim of this dissertation is to provide insight into the neural
mechanisms underlying respiratory rhythm generation and frequency modulation. We
show that inspiratory drive potential depends on excitatory synaptic input coupled to
intrinsic membrane properties, namely

/ can.

We found a novel mechanism for triggering

IPsR-mediated intracellular Ca2+ release, which also contributed to

/ can

activation.

Finally, we propose a new framework for interpreting and testing mechanisms involved
in respiratory frequency modulation. This dissertation advances our understanding of
how cellular and synaptic interactions within the preBotC gives rise to respiratory
rhythm generation and frequency modulation, which may be applicable to other
rhythmic systems, such as locomotion or cognition.

5
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CHAPTER 1. Role of pacemaker neurons and the persistent sodium current
in mouse preBotzinger complex neurons during respiratory rhythm
generation

1.1 Introduction
Mammalian breathing depends on neurons in the preBotzinger Complex (preBotC) that
burst during inspiration. Shortly after discovering that rhythmogenesis in vitro was
independent of reciprocal postsynaptic inhibition (Feldman & Smith, 1989), neurons with
voltage-dependent bursting-pacemaker properties were characterized in the preBotC
(Smith et al., 1991; Johnson et al., 1994), which were subsequently shown to depend on
the persistent Na+ current

( /nsp)

(Del Negro et al., 2002a; Del Negro et al., 2002b).

The above observations led to the hypotheses that /Nap plays a key role in
respiratory rhythm generation by: (i) giving rise to an obligatory subpopulation of
rhythmically active pacem aker neurons, and; (ii) amplifying excitatory synaptic input in
non-pacemaker neurons to promote robust inspiratory bursts throughout the preBotC
network (Onimaru et al., 1995; Rekling & Feldman, 1998; Butera et al., 1999b; Smith et
al., 2000; Ramirez eta l., 2004; Butera et al., 2005; Feldman & Del Negro, 2006).
The biophysical properties of /nsp have been studied in synaptically isolated and
dissociated preBotC neurons but not in the context of respiratory network function. At
postnatal ages from PO-15, 5-15% of all preBotC neurons exhibit /Nap-mediated burstingpacemaker activity after synaptic isolation using a cocktail of receptor antagonists (Pena
11
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et al., 2004; Del Negro et al., 2005). The

kap

bursting mechanism is now well

understood (Butera et al., 1999a; Thoby-Brisson & Ramirez, 2001; Del Negro et al.,
2002a; Ramirez et al., 2004). Nevertheless, all inspiratory neurons express

kap

(Del

Negro et al., 2002b; Ptak et al., 2005) and receive rhythmic synaptic excitation when
synaptic transmission and network function are intact (Funk et al., 1993). This led to the
untested hypothesis that

kap

amplifies synaptic excitation, which putatively augments

inspiratory bursts throughout the preBotC during respiratory rhythm generation (Butera
et al., 1999b; Smith et al., 2000; Del Negro et al., 2001; Del Negro et al., 2002a).
The obligatory rhythmogenic role of pacemaker neurons and kap in general is
questionable because bath application of the Na+ channel antagonist riluzole (RIL)
rapidly blocks

kap

and pacemaker activity at low doses (IC 50 ~ 3 pM) but does not

rapidly perturb the frequency of respiratory rhythms in vitro and in situ at doses much
greater than 3 pM (Del Negro et al., 2002b; Del Negro et al., 2005; Paton et al., 2006).
However in addition to blocking

kap,

RIL depresses excitatory transmission (Doble,

1996; Wang et al., 2004) and long duration, bath-application of RIL causes the XII motor
discharge to decline in amplitude (Del Negro et al., 2005).
In full recognition of the pharmacological caveats associated with blocking

kap,

we present specific and relevant tests of its role in rhythm generation. First, we tested
the role of

kap

in synaptic amplification within an intact network. W e employed

intracellular Q X-314 (2 mM) to block Na+ currents in single neurons and measured
changes in the inspiratory drive potential. W e also bath-applied RIL (10 pM) and low
doses of tetrodotoxin (TTX, 20 nM) to measure the contribution of

kap

to inspiratory drive

potential generation and intraburst spiking.
Second, we tested whether pacemaker neurons were required for rhythm
generation by microinjecting RIL and TTX directly into the preBotC. W e performed this
experiment in the presence and absence of flufenamic acid (FFA, 100 pM); w e did this

12
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because

FFA blocks

a

C a2+-activated

nonspecific cationic current

( /c a n ),

which

engenders another class of bursting activity in neonates older than P8 (Thoby-Brisson &
Ramirez, 2001; Ramirez et al., 2004). This drug-microinjection protocol blocks lnap
locally within the preBotC and minimizes effects on /nsp in neurons outside of the
preBotC, such as XII motoneurons and serotonergic neurons in the raphe that may be
critical for rhythm generation in vitro (Pena & Ramirez, 2002; Tryba et al., 2006) and
perinatal breathing in infants (Paterson et al., 2006).
Here we show that W

promotes spiking during inspiratory bursts but does not

notably amplify synaptic excitation nor contribute to the underlying inspiratory drive
potential. Also, blocking I Nap in the preBotC does not stop rhythmogenesis even after
attenuating

/c a n .

W e conclude that W

in preBotC neurons is not critical for respiratory

rhythm generation in vitro. However, our results suggest that W

plays a role in

respiratory-related neurons outside the preBotC that ultimately helps to maintain the
general level of excitability in the preBotC to ensure rhythmogenesis.

1.2. Results
PreBotC neurons exhibit inspiratory drive potentials with overriding spiking
(Fig. 1.1). Excitatory synaptic transmission initiates the inspiratory drive (Funk et al.,
1993) and intrinsic currents with subthreshold activation like W

are hypothesized to

contribute to inspiratory drive potentials by amplifying synaptic depolarization (Butera et
al., 1999b; Smith et al., 2000; Del Negro et al., 2001; Del Negro et al., 2002a).
Testing the role of N a + currents using intracellular O X -314. To measure the
postsynaptic contribution of Na+ currents in drive potential generation, we added 2 mM
Q X -314 to the K-Gluconate patch solution to block Na+ currents intracellularly in only the
recorded

neuron

while

network

properties

and

synaptic

transmission

remained

unaltered. In contrast to higher doses, 2 mM Q X -314 has minimal affects on C a2+
currents (Talbot & Sayer, 1996; Hu et al., 2002), but still blocked action potential
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Figure 1.1. Measuring inspiratory drive potentials after attenuating Na+ currents with QX-314. A,
Sequential experiment showing perforated patch, the first min of whole cell, and the effects of
QX-314 after more than 10 min of intracellular dialysis. B, Superimposed traces from a different
neuron showing the first min of whole cell (grey) and the effects of QX-314 after more than 8 min
(black). In both cases the inspiratory drive potential initiated 400 ms prior to XII discharge. C,
Within the first min of whole-cell recording, action potentials could be evoked by depolarizing
current pulses. However, after several min (e.g., 7 min shown) QX-314 blocked evoked action
potentials. Even great increases in the depolarizing current pulses failed to evoke an active spike
like response. Baseline membrane potential was -6 0 mV.

generation (Fig. 1.1C). Drive potentials in control were measured with perforated patch
recording (Fig. 1.1A, left trace) and for one min after rupturing the patch before Q X -314
dialyzed the cytosol (Fig. 1.1A, middle trace). After 8-10 min of whole-cell recording in
the absence of Na+ currents (e.g., Fig. 1.1 A, right trace), both the amplitude and area of
the drive potential increased to 140±13% and 178±30% of control, respectively (P<0.01).
In contrast, Q X -314 had no effect on the onset latency, as determined by the
appearance of synaptic potentials emerging from baseline noise prior to the inspiratory
XII output {P=0.6, n=6, Fig. 1.1B). These findings suggest that the postsynaptic
14
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mechanisms involved in drive potentials do not require Na+ currents, and are in fact
enhanced by their blockade.
iNap promotes spiking during inspiratory bursts. Q X-314 blocks all N a+ currents,
so it cannot be used to measure how W

in particular contributes to drive potentials and

regulates intraburst spike activity. W e tested these roles of W
RIL, which blocks W

with bath-applied 10 pM

within 6 minutes (ICso = 2.4 pM) (Del Negro et al., 2002b; Ptak et

al., 2005). While RIL may attenuate transient sodium currents (Do & Bean, 2003; Ptak et
al., 2005), action potential generation is largely unaffected (Fig. 2.3A [inset] and Del
Negro e ta l., 2002b).
However, RIL slowly depresses excitatory synaptic transmission (Doble, 1996;
Wang et al., 2004). Therefore, we sought to establish a time-window during which bathapplications of RIL preferentially block W

without perturbing synaptic transmission. In

the presence of 1 pM TTX, 5 pM P TX and 5 pM STR, we recorded from inspiratory
neurons using a Cs+-based patch solution and measured the effects of bath-applied 10
pM RIL on spontaneous miniature EPSPs (mEPSPs; Fig. 1.2). In addition to silencing
the network, T T X also precluded the effects of RIL on W , and thus isolated the effects
of RIL on transmission. In the first 6-8 min, RIL had no effect on mEPSPs; there was no
significant displacement of the cumulative amplitude histogram (Fig. 1.2B) or the
cumulative period histogram (P>0.05, n=4, Fig. 1.2 C).
After 12 minutes, RIL exposure significantly decreased m EPSP frequency, as
shown by a significant rightward shift in the cumulative period histogram (P <0.05, Fig.
1.2C), without significant effects on the cumulative amplitude histogram (P >0.05, Fig.
1.2B).

Thus,

10

pM

RIL

(12-14

min)

attenuated

the

probability

of

quantal

neurotransmitter release, which is consistent with inhibitory effects on presynaptic
neurotransmission, and due to the experimental conditions, this effect cannot be
attributed to reduction of W .
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Figure 1.2. The effects of 10 |j M RIL on mEPSPs. A, Amplitude histograms for control (black) in
the presence of RIL for 6-8 min (red) and 12-14 min (blue). Inset traces show sample mEPSPs for
control and RIL conditions. A histogram of baseline noise is also shown, with SD = 0.4 mV. B,
Cumulative mEPSP amplitude histogram. C, Cumulative mEPSP period histogram.
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In rhythmically active slices, 10 pM RIL exposure for 6-8 min significantly reduced
the number of spikes per burst to 58±10% of control (from 6.1 ±1.3 to 3.9±1.3, P < 0.01)
but had no effect on inspiratory drive potentials: amplitude and area remained at 103
±5% and 96±6% of control (P>0.4). XII amplitude and area were also unaffected: 102
±4% and 103±6% of control, respectively (both P >0.5). Respiratory frequency remained
at 87±9% of control (P=0.3, n=4, Fig. 1,3A).
However, after 15 min (at which time RIL caused presynaptic inhibition, e.g., Fig.
1.2), 10 pM RIL decreased the amplitude and area of drive potentials to 62±8% and 41
±9% of control and further reduced the intraburst spiking to 22±8% of control (all
P<0.05). XII amplitude and area both decreased significantly to 63±7% and of control,
and respiratory frequency decreased to 60±18% of control (all P <0.05, n=4, Fig.1.3A).
W e used a low concentration of T T X (20 nM) as an alternative agent to evaluate
the role of Imp. Figure 1.3C shows the steady-state current-voltage (IV) relation after
blocking synaptic transmission and C a2+ channels with a low C a2+ A C S F containing 200
pM Cd2+. 20 nM T T X selectively reduced the inwardly rectifying or negative slope region
of the IV curve within 4-6 min (n=5, Fig. 1,3C and D). The TTX-sensitive inward current
(measured at steady-state during 500-ms-long voltage steps) activated near - 6 0 mV and
peaked near - 4 0 mV, indicative of Imp in respiratory neurons (Del Negro et al., 2002a;
Rybak et al., 2003; Ptak et al., 2005).

Subsequently adding 1 pM TTX to the bath

solution caused little additional attenuation (n=3, Fig. 1.3C and D) suggesting that Imp is
quickly and effectively blocked by 20 nM TTX.
Next, we tested the effects of 20 nM TTX on inspiratory drive potential
generation.

TTX significantly decreased the number of spikes per burst to 44±8% of

control within 4-8 min (from 17.8±3.5 to 8.0±2.5, p<0.05) but did not affect the amplitude
or area of drive potentials, which remained at 100±6%

and 94±9%

of control,

respectively (both P >0.6). Within 4-8 min, 20 nM TTX had no effect on XII motor output
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Figure 1.3. The role of kap in inspiratory drive potentials. A and B, Sample traces of two
consecutive inspiratory cycles are shown for control and 10 pM RIL (A) and 20 nM TTX (B) at
8, 12 and 19 min. Inset in A shows spikes evoked by 5-ms current pulses to show that RIL did
not attenuate action potentials even after >20 min of exposure. A and B have separate scale
bars. Baseline membrane potential was -6 0 mV. C, The steady-state IV curve measured in
the presence of low Ca2+ solution and 200 pM Cd2+ showing control (open circles) and the
blockade of inward rectification due to kap by 20 nM TTX at membrane potentials greater
than - 6 0 mV. 20 nM TTX conditions are shown at 2 min (gray boxes), 4 min (gray triangles),
and 6 min (black inverted triangles). Note: 4 and 6 min trials overlay one another and thus
in d ic a te 2 0 n M T T X e ffe c ts a t s te a d y s ta te . T h e s u b s e q u e n t ap p lic a tio n o f 1 p M T T X (o p e n

boxes) caused some additional attenuation of the inward rectification above -6 0 mV. D, TTXsensitive subtracted currents: the 20 nM TTX (6 min) IV curve was subtracted from the control
IV curve to reveal the 20 nM TTX-sensitive current (open circles). The 1 pM TTX-sensitive
current (black triangles) was obtained by subtracting the 1 pM TTX IV curve from control.
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or respiratory frequency (all P >0.2, n=5, Fig. 1.3B). However, after 10-40 min of
exposure, 20 nM TTX suppressed spiking activity and ultimately led to rhythm cessation
(Del Negro et al., 2005).
Microiniection experiments test whether Insp and pacemakers are obligatory . To
limit the effects of RIL and T T X on respiratory-related neurons situated outside the
preBotC, we performed bilateral microinjection experiments that target drug delivery
within the preBotC. To verify that our microinjection pipettes were accurately positioned,
we first bilaterally microinjected the GABAa receptor agonist muscimol (M US, 15 pM),
which when properly placed stopped the rhythm within 20-60 sec. Moving either pipette
90-150 pm from the optimal position failed to block rhythmogenesis, even after 10 min of
continuous microinjection (n=3, Fig. 1.4).
In every experiment, we first used the control M US injection protocol (Fig. 1.4) to
verify the correct positioning of the microinjection pipettes. After recovery from M US, we
bilaterally microinjected 10 pM RIL for >20 min, which had no effect on the amplitude (94
±5% of control, P > 0.25), area (90±6% of control, P >0.09) or period of XII motor output,
(94±5% of control, P >0.25). RIL in the preBotC did not destabilize the rhythm, the
coefficient of variation (CV) of the period was 0.22±0.03 in control versus 0.21 ±0.01
during 10 pM RIL microinjection (P=0.6, n=5, Fig. 1.5A).
W e employed slices within a developmental period (P0-4) containing exceedingly
few, if any, pacemaker neurons that depend on

/can

(Pena et al., 2004; Del Negro et al.,

2005). To rule out the unlikely rhythmogenic contribution of

/c a n

pacemaker neurons, we

added 100 pM FFA to the bath solution during bilateral RIL microinjection. FFA was
applied for >20 min; the cumulative RIL microinjection time was >40 min. Together, FFA
and RIL significantly reduced the amplitude and area of the XII motor output to 82±4%
and 63±5% of control, respectively (both P<0.05), but had no significant effect on
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XII Jl
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Figure 1.4. Bilateral microinjection of 15 pM MUS in the preBOtC. A schematic
representation of the slice preparation showing microinjection pipettes. Below each
photograph of microinjection pipettes the XII trace shows respiratory motor output in vitro and
the microinject’ trace reflects TTL pulses at 3 Hz that gate the micropressure drug-delivery
injections. Bilateral microinjection of MUS stops the XII rhythm within 1 minute, whereas
microinjection of MUS unilaterally in the preBotC does not cause rhythm cessation;
microinjection pipettes were moved one at a time 90-150 pm. All traces depict the last 40 s of
data acquired in each pharmacological condition. Circles mark the effective location for
microinjection pipettes. Time calibration is shown.

respiratory period (120±11% of control, P > 0.25) or C V (0.19±0.06, P >0.25, n=5, Fig.
1.5A).
Unlike local application in the preBotC, e.g., Fig. 6A, bath application of 10 pM
RIL in conjunction with 100 pM FFA stops rhythmogenesis in vitro (Pena et al., 2004; Del
Negro et al., 2005). W e replicated this result in the microinjection experiment by
subsequently bath-applying 10 pM RIL with 100 pM FFA, in which case the rhythm
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stopped in 7.4±2.2 min (n=5). After >2 min of rhythm cessation, we applied 0.5 pM SP,
which revived respiratory rhythm in 3 of 5 slices. This suggests that bath application of
RIL affects the state of neuronal excitability in the preBotC, but does not cause a
fundamental breakdown in the rhythmogenic mechanisms since SP can recover the
rhythm in the majority of slices tested. In all cases, XII motor output recovered in
washout of >1.5 hours (n=5, Fig. 1.5A).
W e repeated the experiment in Fig. 1.5A using 20 nM TTX instead of RIL. To
preclude any possible contribution due to

/can

pacemaker neurons, we bath-applied 100

pM FFA for >15 min before bilaterally microinjecting 20 nM TTX directly into the preBotC
for >10 min. TTX microinjection in the presence of FFA had no significant effect on the
amplitude and area of XII motor output (P>0.4, n=4). Respiratory period increased to
133±9% compared to the control following recovery from MUS (P <0.05, n=4), but did not
stop after >10 min of TTX bilateral microinjection in the presence of FFA. After washout
from local 20 nM TTX, we microinjected 1 pM T T X directly into the preBotC, which
caused rhythm cessation within 1 min and verified the ability of T T X to quickly penetrate
the tissue (n=2, Fig. 1,5B).
Microiniection experiments outside the preBotC test the rhvthm-aeneratina role of
Insp in neurons outside the preBotC. In the presence of bath-applied FFA, bath-applied
RIL caused rhythm cessation whereas local RIL application within the preBotC did not.
To explain these observations, we hypothesized that W

in areas outside the preBotC is

important for maintaining rhythmogenesis. One possible target is serotonergic neurons
in the raphe, which help maintain preBotC neuron excitability. W e tested whether
blocking W

in the raphe region would decrease excitability in the preBotC to perturb or

prevent rhythmogenesis. W e locally microinjected 10 pM RIL along the midline in the
raphe obscurus in the presence of 100 pM FFA; XII motor output stopped in 3-6 min
(n=6, Fig. 1.6). In all cases, XII motor output recovered fully in washout.
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Figure 1.5. Sequential drug application experiments using local microinjection of 10
pM RIL or 20 nM TTX. Top traces show Xll motor output, lower traces labeled 'microinject'
reflect TTL pulses at 3 Hz that gate micropressure drug-delivery injections. A, Bilateral
injection of 15 pM MUS was used to verify the position of the microinjection pipettes, identical
to Fig. 1.4. After recovering the rhythm, 10 pM RIL was microinjected for >20 min, followed by
bath application of 100 pM flufenamic acid (FFA). After >20 min of bath-applied FFA
(cumulative RIL exposure >40 min), we added 10 pM RIL to the bath, which stopped the
rhythm within 7 min. Finally 0.5 pM substance P (SP) was added to revive rhythmic activity.
Recovery from all drugs occurred within 1-2 hours and is shown as washout. B, Bilateral
injection of 15 pM MUS was used to verify the position of the microinjection pipettes (as in A
and Fig. 1.4). After recovering the rhythm, we added 100 pM FFA for >15 min and then
microinjected 20 nM TTX for >10 min. All traces depict the last 40 s of data acquired in each
pharmacological condition. Time calibration in B applies to both experiments.

1.3. Discussion
The discovery of bursting neurons in the preBotC (Smith et al., 1991) sparked
great interest in the rhythmogenic role of W

in respiration and led to the hypothesis that

/Nap amplifies excitatory synaptic drive and promotes inspiratory bursts throughout the
network. However, due to the unspecific nature of W
obligatory role of W

pharmacology, evaluating the

is problematic. Since the same subtypes of Na+ channels underlie

both transient and persistent modes of gating (Taddese & Bean, 2002; Do & Bean, 2003;
Ptak et al., 2005), W

antagonists, like RIL and low concentrations of TTX, also

attenuate transient Na+ currents in preBotC neurons (Del Negro et al., 2005; Ptak et al.,
2005). Additionally, RIL affects C a2+ channels, C a2+-dependent K+ channels, GABAa
receptors and leads to the general depression of excitatory neurotransmission (Fig. 1.2
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Figure 1.6. Bilateral microinjection of 10 |jM RIL into midline raphe. A, Schematic
representation of the slice preparation showing microinjection pipettes positioned in the raphe
nucleus obscurus (RNO). Top traces show XII motor output, lower traces labeled ‘microinject’
reflect TTL pulses at 3 Hz that gate micropressure drug-delivery injections. B, 100 pM FFA
was applied to the bath for >15 min. Subsequent microinjection of 10 pM RIL to the RNO
caused rhythm cessation (trace taken at 6.5 min). The XII motor output fully recovered in
washout (trace shown after 1 hour). All traces were taken at the end of the respective
pharmacological condition.
and Doble, 1996; Huang et al., 1997; Wu & Li, 1999; He et al., 2002; Wang et al., 2004).
Furthermore, Imp is expressed by all preBotC neurons, including the majority that are
without pacemaker properties (Del Negro et al., 2002a), and in several other types of
medullary neurons (Umemiya & Berger, 1995; Rybak et al., 2003; Ptak et al., 2005; Zeng
et al., 2005). Recognizing these pharmacological limitations, w e systematically tested
the role of Imp in preBotC neurons by using various pharmacological agents and
protocols, which all yielded consistent results.
W e first analyzed whether transient and persistent N a+ currents contribute to
synaptic amplification by blocking their actions using intracellular application of Q X -314
and found that inspiratory drive potentials actually increased. The inability of 20 nM T T X
and RIL to attenuate drive potentials within 8 min of drug application supports the notion
that Imp does not contribute to drive potential generation. Both drugs blocked Imp within
6 min of drug application (Fig. 1.3C and Del Negro et al., 2005). While w e applied both
T T X and RIL for >19 min, after 12 min these agents perturbed other cellular and network
properties that are important in rhythmogenesis (see above). That Q X -314 caused a
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statistically significant increase in the drive potential may reflect the removal of a N a+
channel-mediated shunt, but this remains to be tested.
In contrast, we found that blocking W

with either 10 pM RIL or 20 nM TT X

decreased the number of spikes per burst by 40-50% , suggesting that InaP promotes
intraburst spike output. This is consistent with the expression of W

predominantly at the

soma and axon initial segment where it assists in spike initiation and promotes repetitive
firing (Lee & Heckman, 2001; Astman et al., 2006; Palmer & Stuart, 2006) and in
proximal dendrites (Mittmann et al., 1997). Additionally, W

is measurable in acutely

dissociated respiratory neurons that are extensively denuded of dendritic processes
(Ptak et al., 2005), which confirms W

expression in the soma/axon initial segment of

preBOtC neurons.
To explore the rhythmogenic role of W
microinjection

protocols

to

deliver

drugs

directly

in preBotC
into

the

neurons, we
preBotC.

used

Putatively

rhythmogenic preBotC neurons are interneurons (Gray et al., 1999) that form synapses
onto somata and dendrites within the preBotC (Guyenet & Wang, 2001; Wang et al.,
2001; Stometta et al., 2003). The extent to which I h&p is expressed in the dendrites of
preBotC neurons is presently unknown. However, drugs microinjected directly into the
preBotC will affect W

at both somatic and dendritic sites contained within the preBotC.

RIL and T T X did not stop the rhythm when microinjected in the preBotC in the
presence of 100 pM FFA indicating that W

and associated pacemaker properties are

non-essential for rhythmogenesis. Since RIL was applied directly within the preBotC, its
low solubility (Doble, 1996) was not a factor that would prevent RIL from penetrating the
rhythm-generating network. This fact is underscored by identical microinjection protocols
in the raphe that did stop the rhythm within 6 min, confirming that RIL did affect the
neurons at the injection site.
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In contrast to RIL, TTX reduced the frequency of XII motor output in the presence
of 100 pM FFA. This reduction in frequency is most likely attributable to the attenuation
of spike generating currents caused by 20 nM TTX after several minutes of exposure
(Fig. 1.3B [19min] and Del Negro et al., 2005). Despite these additional effects, 20 nM
TTX

ultimately

failed

to

block

rhythmogenesis.

Changing

the

concentration

of

microinjected T T X from 20 nM to 1 pM quickly caused rhythm cessation and confirmed
that T T X rapidly affected preBotC neurons.
The fact that RIL and T T X reduced intraburst spiking by ~50% without affecting
drive potentials appears paradoxical. In a highly interconnected network, such as in the
preBotC (Rekling et al., 2000), reductions in neuronal firing would be expected to
diminish the presynaptic neurotransmitter release underlying postsynaptic drive potential
generation, and thus reduce the magnitude of the drive potential. However, intrinsic
burst-generating currents that are activated by synaptic input could compensate for
significant reductions in presynaptic transmitter release, as long as postsynaptic activity
is sufficient to activate these currents. The /NaP-independent ionic mechanisms for
synaptic amplification, and their activation mechanisms, remain to be determined.
In its generalized form, the pacem aker hypothesis posits that p acem aker
neurons are obligatory for rhythmogenesis (Smith et al., 1991). M ore recently, the
hypothesis

that

either

lnap- or /cAN-mediated

pacem akers

can

drive

the

rhythm

independently has been proposed (R am irez et al., 2004). Accordingly, to stop rhythm
generation both pacem aker phenotypes must be blocked.

The hybrid pacemaker-network version of the pacemaker hypothesis (Smith et
al., 1991; Smith et al., 2000) is founded on an essential core population of W
pacemaker neurons but the role of W

extends to non-pacemaker neurons where it is

postulated to amplify excitatory synaptic drive and enhance inspiratory burst generation.
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Accordingly, the dynamic interactions of non-pacemaker- and pacemaker neurons
control respiratory frequency (Butera et al., 1999a; Butera et al., 2000; Best et al., 2005).
Our results are not consistent with either the generalized or hybrid versions of the
pacemaker hypothesis. First, lnap did not amplify synaptic excitation p e r se but did
enhance production of action potentials. Second, the rhythm continued in the presence
of

/ca n

and lnap antagonists (Fig. 1.5), which stop all known pacemaker-neuron activity

(Del Negro et al., 2002b; Pena et al., 2004; Del Negro et al., 2005). The observation that
bath application of both W

and

/c a n

antagonists can stop respiratory rhythmogenesis in

vitro has been used to support the generalized pacemaker hypothesis (Pena et al.,
2004; Paton et al., 2006; Tryba et al., 2006). However, this interpretation is flawed
because: i) the rhythm can be revived with either SP or AMPA (see Fig. 1,5A and Del
Negro et al., 2005; Feldman & Del Negro, 2006). This indicates that the fundamental
mechanism

of

rhythmogenesis

was

intact

after

pharmacological

elimination

of

pacemaker properties; all that was required was a sufficient boost in excitability via
exogenous agents, ii) Bath application of drugs affects all neurons within the slice
preparation, including key populations external to the preBPtC such as raphe neurons,
respiratory premotoneurons and XII motoneurons. The effects of these antagonists on
other populations of respiratory-related neurons can readily explain their effects on
rhythm without the need to invoke any changes in preBotC neuron function.
For example, blocking W

in raphe obscurus neurons in the presence of 100 pM

FFA caused rhythm cessation. The raphe neurons project to and appear to increase
neuronal excitability in the preBotC (Di Pasquale et al., 1994; Al-Zubaidy et al., 1996;
Bou-Flores et al., 2000; Pena & Ramirez, 2002). This experiment can potentially explain
why, in the presence of FFA, blocking lnap with RIL locally applied to the preBotC had no
effect on respiratory frequency, whereas the subsequent addition of RIL to the bath
stopped the rhythm within 7 min (a timeframe that indicates RIL was still primarily acting
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on

/ nsp).

W e propose that W

in raphe, and possibly other respiratory-related neurons

exclusive of the preBotC can influence excitability within the rhythmogenic network.
Our study illustrates that data obtained following bath-application of drugs to
slices must be cautiously interpreted and require multiple controls. In particular, the
network level effects of bath-applied drugs cannot be casually attributed to a small
subpopulation of preBotC pacemaker neurons embedded in active slices that contain
numerous respiratory interneurons as well as premotor and motoneurons.
Pacem aker neurons with as yet undiscovered biophysical mechanisms, i.e.,
neither W

nor

/c a n ,

for bursting may play a role generating respiratory rhythm, but the

existence of such neurons remains to be demonstrated. Otherwise, the accumulating
evidence suggests that pacemaker neurons are not obligatory for respiratory rhythm
generation (Del Negro et al., 2002b; Kosmidis et al., 2004; Del Negro et al., 2005).
Instead, we suggest the group pacem aker hypothesis (Rekling & Feldman, 1998;
Feldman & Del Negro, 2006) as a viable alternative explanation. In this framework,
periodic inspiratory bursts result from recurrent excitatory connections within the
preBotC. Intrinsic currents will naturally play a role in recurrent excitation. W e postulate
that an inward current that can be directly evoked synaptically via intracellular signaling
would be advantageous in this regard compared to a voltage-dependent current like W ,
because its burst-generating function need not depend on the baseline membrane
potential. In contrast, W

only influences respiratory neurons in a voltage window

between - 6 0 and -^40 mV: /nsp remains in a deactivated state when the membrane
potential is too low and its contribution steadily diminishes at depolarized potentials due
to steady-state inactivation (Butera et al., 1999a; Del Negro et al., 2001; Del Negro et al.,
2002a; Ptak et al., 2005). The activation properties of an inward current directly coupled
to synaptic input need not be subject to voltage fluctuations and would therefore be well
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equipped to amplify synaptic excitation and promote robust and reliable inspiratory
bursts.

1.4. Methods
W e used neonatal C57BL/6 mice (postnatal day 0-4 [PO-4]) for experiments in
vitro. The Office for the Protection of Research Subjects (University of California Animal
Research Committee) and the Institutional Animal Care and Use Committee (The
College of William and Mary) approved all protocols.
Neonatal mice were anesthetized by hypothermia and rapidly decerebrated prior
to dissection in normal artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCI,
3 KCI, 1.5 CaCh, 1 MgS04, 25 N aH C 0 3 , 0.5 NahhPO.!, and 30 D-glucose, equilibrated
with 95% O 2 and 5% C O 2 with pH=7.4. Transverse slices (550 pm thick) containing the
preBotC, XII motoneurons and the raphe obscurus (Fig. 1.1A) were sectioned using a
vibrating microslicer. The rostral cut was positioned just rostral to the rostral-most XII
nerve roots at the level of the dorsomedial cell column and principal lateral loop of the
Inferior Olivary nucleus,

thus the

preBotC was

at or near the

rostral surface

(Ruangkittisakul et al., 2006). The caudal cut captured the obex. Slices were placed
rostral surface up in a 0.5 ml recording chamber on a fixed-stage microscope equipped
with Koehler illumination and perfused with 27°C ACSF at 4 ml/min. A C S F

K+

concentration was raised to 9 mM and respiratory motor output was recorded from XII
nerve roots using suction electrodes and a differential amplifier (Fig. 1.1). In voltageclamp experiments, CaC h was reduced to 0.5 mM and replaced with equimolar MgSCU
in order to block synaptic transmission and C a2+ currents.
All electrical recordings were performed on inspiratory preBotC neurons, visually
identified ventral to the semi-compact division of the nucleus ambiguous (Fig. I.1A),
which exhibited an inspiratory discharge pattern (Fig. 1.1 B). Since we focused on all
inspiratory preBotC neurons, we did not attempt to identify neurons with pacemaker
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properties. Current-clamp recordings were performed using a Dagan 1X2-700 amplifier
(Minneapolis, MN). Access resistance was compensated with bridge balance. Voltageclamp recordings were

performed

using a

HEKA EPC-10

amplifier (Lambrecht,

Germany). Data were digitally acquired at 4-20 kHz using a 16-bit A/D converter after
low pass filtering at 1 kHz to avoid aliasing. Additionally, access resistance was partially
compensated with analog feedback. Intracellular pipettes were fabricated from capillary
glass (O.D., 1.5 mm; I.D., 0.87 mm) and filled with one of two patch solutions.
The standard K-Gluconate patch solution contained (in mM): 140 K-Gluconate, 5
NaCI, 1 EGTA, 10 HEPES, 2 Mg-ATP, and 0.3 Na-G TP (pH = 7.3 by KOH). In KGluconate experiments, pipette resistance was 3-4 MQ and a liquid junction potential of
8 mV was corrected offline. In some cases, 2 mM QX-314, obtained from Sigma (St.
Louis, MO), was added to the K-Gluconate patch solution in order to block Na+ channels
intracellularly. In these experiments, we obtained control measurements using nystatinperforated patches. Nystatin (250 pg/ml) was added to the Q X -314 patch solution
immediately prior to use and was discarded after 120 min.
To analyze miniature synaptic potentials (e.g., Fig. 1.2), we used a Cs+-based
patch solution containing (in mM): 110 CsCI, 20 TEA-CI, 10 NaCI, 1.5 EGTA, 10 HEPES,
0.5 CaCl2*2H20, 2 Mg-ATP, and 0.3 N a-G TP (pH = 7.3 by CsOH). In experiments using
the Cs+-based patch solution, pipette resistance was 3-4 M D and a liquid junction
potential of 3 mV was corrected offline.
W e either locally or bath-applied these drugs obtained from Sigma: FFA, RIL,
muscimol (MUS), picrotoxin (PTX), and strychnine (STR). W e obtained T T X from EM D
Biosciences (San Diego, CA). W e used a micropressure ejection system (Toohey,
Fairfield, New Jersey) gated by an external TTL pulse generator to deliver 8-ms-long
drug applications at 3 Hz (8-12 psi). Microinjection pipettes with 8-15 pM tip diameter
were fabricated from capillary glass and filled with 9 mM [K+] AC SF containing either
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M US (15 (j M ), RIL (10 pM), or TTX (20 nM or 1 |j M ). During the microinjection protocols,
the pipettes either were placed on (for the control M US microinjections) or 100 pm below
(for the T T X

and

RIL microinjections) the surface of the tissue.

Before every

microinjection experiment of RIL or T T X into the preBotC, bilateral M US microinjections
were first used to verify the location of the pipettes. Afterwards, the M US injection
protocol was stopped and slices were perfused with 9 mM [K+] A CSF for >15-20 min to
washout the effects of MUS before microinjecting RIL or TTX (Fig. 1.4, 1.5 and see
Brockhaus & Ballanyi, 1998). RIL was bilaterally injected into the preBotC for >40 min
and 100 pM FFA was bath-applied for the last 20 min (Fig. 1.5A). 20 nM T T X was
bilaterally microinjected for >10 min (Fig. 1.5B). In Fig. 1.6B, RIL was microinjected
along the midline until rhythm cessation, which normally occurred with 7 min.
Respiratory period in vitro was computed from the average cycle time of ten or
more consecutive inter-inspiratory burst intervals, where each cycle was triggered by XII
activity. W e measured the amplitude and area of inspiratory drive potentials and XII
motor output. The XII discharge was conditioned using a true RM S-to-DC converter
(Analog Devices, One Technology Way, Norwood, MA), which produces a full-wave
rectified and smoothed XII waveform based on the root-mean-square of voltage input to
the differential amplifier (Dagan Instruments, Minneapolis, MN). The inspiratory drive
potential was obtained by digitally filtering the intracellular voltage trajectory to remove
spikes but preserve the amplitude and area of the underlying envelope of depolarization
(e.g., Fig. 1.1 B-C). The mean drive potential and XII motor output were obtained by
averaging ten consecutive respiratory cycles. The number of spikes was counted during
ten consecutive unfiltered inspiratory bursts. W e compared these measures in control
versus in the presence of various drugs using paired t-tests, with significance for the
two-tailed test at p<0.05.
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W e recorded miniature EPSPs (m EPSPs) with 1 pM TTX to stop network activity
and block W , and thus specifically measure the effects of RIL on the presynaptic
probability of spontaneous neurotransmitter release. 5 pM PTX and 5 pM S TR were
applied to block inhibitory ionotropic receptors. A Cs+-based patch solution was used to
block K+ currents and reduce electrotonic attenuation of synaptic potentials. Neurons
were held at - 6 0 mV using bias current. W e generated a baseline-noise histogram and a
Gaussian distribution was fitted to determine the standard deviation (SD) of baseline
noise. Synaptic events were selected by a threshold-crossing algorithm with detection
level to exceed 2*SD, which makes the likelihood of detecting a spurious synaptic event
p < 0.05. W e tested whether RIL modified the amplitude or period of spontaneous
m EPSPs using cumulative probability histograms and the Kolmogorov-Smirnov statistic
(K-S test) with minimum probability at P <0.05.
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CHAPTER 2: Inspiratory Bursts in the PreBotzinger Complex Depend on a
Calcium-Activated Nonspecific Cationic Current Linked to Glutamate
Receptors in Neonatal Mice

2.1. Introduction
Neurons in the preBotzinger Complex (preBotC) of the ventrolateral medulla
synchronously produce 300-500 ms bursts during the inspiratory phase of the respiratory
cycle in vitro (for review see: Feldman & Del Negro, 2006). Each inspiratory burst in a
single neuron is characterized by action potentials superimposed on a 10-30 mV
envelope of depolarization, dubbed the inspiratory drive potential. Less than 20% of
neonatal preBotC neurons express intrinsic bursting properties, i.e., pacem aker
properties, in vitro (Pena et al., 2004; Del Negro et al., 2005). Therefore, most preBotC
neurons generate inspiratory drive potentials by synaptic input evoking postsynaptic
currents that depend on intrinsic membrane properties.
AMPA receptors (AMPARs) are critical for production of inspiratory drive
potentials in vitro (Greer et al., 1991; Funk et al., 1993; Ge & Feldman, 1998; Koshiya &
Smith, 1999). However, AMPARs rapidly and strongly desensitize (Trussell & Fischbach,
1989; Patneau et al., 1992; Trussell et al., 1993; Attwell & Gibb, 2005), which affects
inspiratory rhythm (Funk et al., 1995) and likely limits the contribution of AMPARs in
inspiratory

drive

potential

generation.

Therefore,

we

posit

that

under

normal

circumstances other postsynaptic mechanisms, such as those associated with NM DA
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receptors (NM DARs) and metabotropic glutamate receptors (mGluRs), are linked to the
activation of intrinsic conductances that play an integral role in inspiratory drive potential
generation, an idea introduced by Rekling and colleagues (Rekling et al., 1996; Rekling
& Feldman, 1998; Feldman & Del Negro, 2006).
Both

NMDARs

and

group

I

mGluRs

contribute

to

burst-like

discharges

associated with Purkinje neuron slow EPSPs (Canepari et al., 2001), neocortical
epiliptiform discharges (Schiller, 2004), and subthalamic neuron rhythmic bursting (Zhu
et al., 2004a, 2004b). NMDARs are widely expressed in preBotC neurons (Funk et al.,
1993; Funk et al., 1997; Paarmann et al., 2000; Paarmann et al., 2005) and mGluRs,
notably groups I and III, are also present (Mironov & Richter, 2000; Lieske & Ramirez,
2006; Ruangkittisakul et al., 2006). Although the roles of these glutamate receptors in
generation of respiratory motor output in en bloc and slice preparations in vitro has been
examined, the contributions of NMDARs and mGluRs to inspiratory drive potential
generation in preBotC neurons remains to be thoroughly investigated.
W e hypothesized (Feldman & Del Negro, 2006) that intrinsic conductances such
as the persistent sodium current (/Nap) (Del Negro et al., 2002a; Del Negro et al., 2002b)
and the calcium-activated non-specific cationic current

(/can )

(Pena et al., 2004; Del

Negro et al., 2005) are normally evoked by - and augment - synaptic input, which
underlies the inspiratory drive potential (Rekling & Feldman, 1998; Feldman & Del
Negro, 2006). Recently, we demonstrated W

does not contribute to inspiratory drive

potential generation in the vast majority of preBotC neurons (Chapter 1 and Pace et al.,
2007). However, the role of

/can

remains largely speculative,

/c a n

activation can be

triggered by either NMDARs (Zhu et al., 2004a, 2004b) or group I mGluRs (Congar et
al., 1997; Partridge & Valenzuela, 1999), Therefore,

/can

is an ideal candidate for

amplifying glutamatergic synaptic drive by utilizing NMDAR-mediated C a2+ flux and
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m G luR -dependent, IP 3-m ediated intracellular C a 2+ release to directly gate

/c a n

and

cause postsynaptic potentials.

W e tested the role of non-AMPA postsynaptic glutamate receptors in drive
potential generation. NMDARs and group I mGluRs -

but not group II mGluRs -

contribute substantially to inspiratory drive potentials. W e found that the subtype 5 of the
group I mGluRs (mGluR5) leads to inositol 1,4,5-trisphosphate (IP 3 ) receptor (IP 3 R)
activation.

Our

findings

suggest

that

glutamatergic transmission normally recruit

postsynaptic
/c a n

Ca2+ transients

induced

by

to amplify synaptic currents to generate

robust inspiratory drive potentials.

2.1. Results
Rhythmically active preBotC neurons generate inspiratory bursts that collectively
drive inspiratory motor output. Medullary slice preparations that retain the preBotC
generate inspiratory rhythm and motor output that can be monitored via the XII nerve
roots (Fig. 1.1 and Smith et al., 1991), while providing optimal experimental access to
preBotC neurons. W e tested the roles of postsynaptic conductances in shaping the
inspiratory drive potentials that underlie inspiratory bursts in rhythmically active preBotC
neurons.
Role o f glutamatergic synaptic input in preBotC neurons. W e tested the NM D AR
contribution using the antagonist A P V (30-50 pM, bath-applied for >20 min), which
significantly decreased the amplitude and area of drive potentials to 79±4% and 76±2%
of control (both P<0.05). A P V had a negligible effect on the amplitude (93±12% of
control), area (91 ±2% ), and frequency (88±2% ) of XII discharge (all P>0.17, n=5, Fig.
2.1A).
PreBotC neurons express mGluRs (Mironov & Richter, 2000; Lieske & Ramirez,
2006; Ruangkittisakul et al., 2006). Group III mGluRs are typically presynaptic (Stuart et
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al., 1999; Ferraguti & Shigemoto, 2006; Lieske & Ramirez, 2006) so we focused on the
postsynaptic roles of groups I and II.
Group I includes subtypes 1 and 5 (m G luRI and mGluR5). Bath-application of
the specific m G luRI antagonist LY367385 (LY; 15pM, >15 min) significantly reduced
drive potential amplitude and area to 84±4% and 73±8% of control (both P<0.05, n=5).
LY had no effect on the amplitude (99±8% of control), area (104±8% ), or frequency (97
±4% ) of XII motor output (all P > 0.6, n=9, Fig. 2.1B). Similarly, bath-application of M PEP
(10 pM, >15 min), a selective mGluR5 antagonist, significantly reduced drive potential
amplitude and area to 76±4% and 61 ±4% of control (both P<0.01). M PEP had no effect
on the amplitude (95±5% of control), area (79±5% ), or frequency (103±13% ) of XII motor
output (all P>0.14, n=7, Fig. 2.1C). These results suggest that both m G luR I and
mGluR5 contribute to inspiratory drive potential generation that is without effect on
frequency or amplitude of motor output.
W e also tested the role of Group II mGluRs using bath application of the general
group II antagonist APICA (300 pM, >20 min). APICA had no significant effect on the
amplitude (90±7% of control) or area (90±9% ) of the drive potential (both P >0.3), nor
had any effect on the amplitude (102±4% ) or area (107±10% ) of the XII motor output
(both P>0.5). However, APICA significantly reduced the frequency of XII motor output to
88±4% of control (P<0.05, n=4, Fig, 2.1 D). These findings suggest that group II mGluRs
regulate respiratory frequency without an obligatory change in inspiratory drive potential
generation in preBotC neurons.
Mechanisms o f group I mGluRs. By what mechanisms do group I mGluRs
contribute to inspiratory drive potentials? Group I mGluRs are linked to L-type C a2+
channel regulation in preBotC neurons (Mironov and Richter, 2000) so we tested the
contribution of these channels. Bath-applied nifedipine (NIF, 10pM, >15 min) had no
significant effect on drive potentials: amplitude (97±8% of control) and area (93±8%;
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both P >0.3). Additionally, NIF had no significant effect on the amplitude (129±14% of
control), area (124±22% ) or frequency (132±30% ) of the XII motor output (all P>0.15,
n=4, Fig. 2.4A).
Group I mGluRs contribute to rhythm-related burst generation by blocking K+
currents that are active at subthreshold membrane

potentials,

causing transient

depolarization in lamprey spinal neurons (Kettunen et a i, 2003) and in neonatal mice XII
motoneurons (Sharifullina et at., 2004). W e tested whether group I mGluRs were
coupled to K+ channels in preBotC neurons. When we blocked K+ channels with a Cs+based patch solution, LY (15 pM) no longer caused significant reductions in inspiratory
drive potentials; amplitude and area were 91 ±5% and 80±12% of control (both P>0.12,
n=5, Fig. 2.2A and 2.4B); in contrast, M PEP (10 pM) reduced the amplitude and area of
the inspiratory drive potentials to 72±5% and 45±6% of control (both P < 0.0 1 , n=3, Fig.
2.2B and 5B).
Group I mGluRs catalyze IP 3 production, which triggers intracellular C a2+ release.
W e tested whether IPsR-mediated intracellular C a2+ release plays a role in drive
potential generation by intracellular application of the IP 3 R antagonist Xestospongin-C
(Xes; 1 pM) (Gafni et al., 1997). W e used nystatin-perforated patches to measure drive
potentials in control, then we ruptured the membrane to obtain whole-cell conditions;
within 6-10 min, intracellular Xes reduced the amplitude and area of drive potentials to
67±5% and 64±6% of control, respectively (both P<0.001, n=16, Fig. 2.3 and 2.4A).
If group I mGluRs exclusively act through IP 3-dependent C a2+ release, then
blocking either receptor (m G luRI or mGluR5) after dialysis with Xes should not have any
additional effect on the inspiratory drive potential. In the presence of intracellular Xes,
LY (15 pM) significantly attenuated the amplitude and area of the drive potential to 71
±6% and 68±5% of steady-state Xes conditions (P<0.05, n=4, Fig. 2.3A and 2.4B), which
suggests that m G luRI acts independently of IP 3 RS. In contrast, M PEP (10 pM) had no
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Figure 2.1. Effects of bath applications of non-AMPA glutamate receptor antagonists on
drive potential generation and XII motor output. A, APV (50 pM) attenuates inspiratory bursts, but
has no effect on XII motor output. B, The mGluRI antagonist LY367385 (LY; 15 pM) attenuates
inspiratory bursts, but has no effect on XII motor output. C, The mGluR5 antagonist MPEP (10
pM) attenuates inspiratory bursts, but has no effect on XII motor output. D, The general Group II
mGluR antagonist APICA (300 pM) significantly reduces the frequency of XII motor output but
has no effect on inspiratory bursts. In A-D, arrows indicate inspiratory bursts shown at high time
resolution in the insets at right. Voltage calibration bars in the insets apply to all traces in A-D.
Individual time calibration bars are illustrated for traces and insets. Baseline membrane potential
was - 6 0 mV.
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Figure 2 .Z Evaluating whether mGluRs act via K+ channels. A, Inspiratory bursts were
transformed into inspiratory plateau potentials by intracellular Cs+, which blocks the attenuating
effects of LY367385 (LY; 15 pM). B, MPEP (10 pM) attenuates Cs+-induced inspiratory plateau
potentials. In A and B, arrows indicate inspiratory bursts shown at high time resolution in the
insets at right. Voltage calibration bars in the insets apply to all traces in A and B. Individual time
calibration bars are illustrated for traces and insets. Baseline membrane potential was -6 0 mV.

effect on drive potentials in the presence of intracellular Xes; the amplitude and area of
drive potentials remained at 100±12% and 99±19% of steady-state Xes conditions
(P >0.5, n=3, Fig. 2.3B and 2.4B), which suggests that mGluR5 acts exclusively via
IP 3Rs.

Intracellular Ca2+ signaling and inspiratory drive potential generation. NMDARs
and IP3RS contribute to inspiratory drive potentials (Fig. 2.1 A, 2.3 and 2.4A) and utilize
intracellular C a 2+ as a second m essenger. Therefore, w e tested the role of C a 2+ signaling

using a high concentration of intracellular BAPTA (30 mM). Nystatin perforated patches
were used to measure inspiratory drive potentials in control. After rupturing the
membrane and establishing whole-cell dialysis for ~20

min,

BAPTA significantly
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Figure 2.3. Role of IP 3 signaling in inspiratory bursts. A, Nystatin perforated-patch recordings
served as control. The IP 3R antagonist Xestospongin (Xes; 1 pM), applied intracellularly by patch
rupture, reduces inspiratory bursts. Subsequent bath application of LY367385 (LY; 15 pM)
additionally attenuates inspiratory bursts. B, Same protocol as A, except that MPEP, and not LY, is
bath-applied in steady-state Xes conditions. MPEP has no additional effects on inspiratory bursts.
Baseline membrane potential was - 6 0 mV. A and B have separate calibration bars as shown.

decreased the amplitude and area of inspiratory drive potentials to 36±5% and 42±7% of
control (both P< 10® n=5, Fig. 6A and B). In 24 additional experiments without nystatin,
w e used the first minute of whole-cell recording as control and intracellular BAPTA
yielded identical results; the amplitude and area of inspiratory drive potentials decreased
to 32±3% and 33±3% of control (both P <10’9, n=24, Fig. 2.5B).
To examine whether resting [Ca2+]i influenced inspiratory drive potentials, we
formulated K-Gluconate/30 mM BAPTA patch solutions with [Ca2+]i buffered to nominally

0, 25 or 120 nM (see Methods). Baseline [Ca2+]i had no significant effect on the BAPTAmediated attenuation of drive potentials (P>0.25 with regard to both amplitude and area,
Fig. 2.5C). These results suggest that intracellular Ca2+transients, but not resting [Ca2+]i,
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Figure 2.4. Summary of blocking glutamatergic and IP 3 receptors on drive potential
generation. A, Bar chart showing the effects of APV, LY367385 (LY), MPEP, APICA, nifedipine
(NIF), and Xestospongin-C (Xes) on the amplitude of drive potentials, as well as the amplitude
and frequency of XII motor output. B, Bar chart showing the effects of LY and MPEP on the
amplitude of drive potentials in steady-state intracellular Cs+ or Xes conditions. Asterisks
above bars indicate significance effects at P<0.05 (*) and P<0.01 (**), respectively.
affect drive potential generation. These data are consistent with intracellular C a2+
transients activating an inward current that enhances inspiratory drive potentials,

/c a n

is

an obvious candidate.
I c a n in preBotC neurons,

/c a n

activation requires intracellular C a2+ transients,

which should be blocked by 30 mM intracellular BAPTA. To test whether BAPTA was in
fact blocking

/c a n ,

we bath-applied the

/c a n

antagonist FFA (100 pM, >15 min) after 30

mM BAPTA reached steady-state conditions (£ 20 min), which avoids falsely attributing
the effects of 30 mM BAPTA to bath-applied 100 pM FFA. Previously, we showed that
100 pM FFA attenuates drive potential generation in preBotC neurons (Del Negro et al.,
2005). Here in the presence of intracellular BAPTA, we found that 100 pM FFA had no
effect on the amplitude (131 ±22% of control) or area (129±17% of control) of inspiratory
drive potentials (both P >0.3, n=5, Fig. 2.6A and B). This suggests that both BAPTA and
FFA (100 pM) act on the same mechanism, consistent with

/c a n .

Next, we quantified the effects of bath application of FFA (10, 100, 300 and 350
pM) on drive potential generation and XII motor output. 10 pM FFA (15 min) had no
significant effect on the amplitude (86±8% of control) or area (88±13% ) of inspiratory
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Figure 2.5. Intracellular Ca2+ transients are important for inspiratory bursts. A, Perforated-patch
recordings and intracellular dialysis using 30 mM BAPTA patch solution. Control conditions in the
perforated-patch configuration are show at 35 min. BAPTA once introduced into the cytosol via
patch rupture causes a progressive attenuation of the inspiratory burst. Inset shows that action
potentials could be evoked with 5-ms-long current pulses (at rheobase) in steady-state
intracellular BAPTA conditions (>20 min). Subsequent bath-application of 100 pM FFA has no
additional attenuating effects even after 15 min of exposure to the drug. Baseline membrane
potential was -6 0 mV throughout the experiment. B, A time course of the effects of 30 mM
BAPTA on the amplitude of inspiratory bursts (Vm). The first minute of whole cell configuration is
indicated by the grey bar at zero time. Subsequent bath-application of 100 pM FFA causes no
additional attenuation. C, Bar chart showing that BAPTA reduces both the amplitude (amp) and
area of inspiratory drive potentials to the same extent whether WC (n=24) or PP (n=5) recording
configurations is used for control. D, Patch solutions that buffered baseline [Ca2+]i to nominally 0
(n=17), 25 (n=4), or 120 nM (n=8) have no significant effect on the BAPTA-mediated attenuation
of inspiratory drive potential amplitude or area. C and D show mean ± standard error and
number of experiments in parentheses.
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Figure 2.6. The / c an antagonist, flufenamic acid (FFA), attenuates inspiratory drive potentials.
A, 100 pM FFA reduces drive potentials but not the magnitude or frequency of XII motor
discharge. The arrows indicate inspiratory bursts that are shown at high resolution in the inset
(at right) for control (a) and 100 pM FFA (b). B, 300 pM FFA blocks inspiratory activity in 7 of
10 slices after 12 or more minutes of drug exposure. C, In the 3 remaining slices, 350 pM FFA
blocks the respiratory rhythm, which does not restart in the presence of 1 pM SP, but does
recover after >1 hour of washout. Baseline membrane potential was -6 0 mV for Vm traces in
A (inset) and B. A (inset), B, and C all have separate time calibrations.
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drive potentials nor on the amplitude (106±11% ), area (112±18% ) or frequency of XII
motor output (98±3% ) (all P>0.25, n=4, not shown). 100 pM FFA reduced drive potential
amplitude and area significantly to 70±5% (P<0.01) and 65±10% (P <0.05) of control.
100 pM FFA had no effect on the amplitude (79±11 %), area (89±11%), and frequency
(89±13% ) of XII motor output (all P>0.18, n=6, Fig. 2.6A). Note that the actions of 100
pM FFA reached steady state in ~12 min and its effects on inspiratory drive potentials
were not fully reversible.
In contrast, 300 pM FFA caused rhythm cessation after 10-15 minutes in 7 of 10
slices tested (Fig. 2.6B). In the remaining 3 slices, raising the concentration of FFA to
350 pM silenced the rhythm (Fig 2.6C). In all cases, XII motor output was never revived
by adding 1 pM of the excitatory neuropeptide substance P (SP, bath-applied >10 min)
but recovered in washout (n=10, Fig. 2.6C).
The FFA-sensitive current in preBotC neurons has been attributed to

/c a n

(Pena

et al., 2004), but this issue is not yet fully resolved. FFA also affects gap junctions and
C a2+-dependent K+ channels (Ottolia & Toro,

1994; Greenwood & Large,

Kochetkov e t al., 2000; Harks et al., 2001). To verify the presence of

/c a n

1995;

in preBotC

neurons, we tested for its hallmark properties: activation by intracellular C a2+, with N a+
as the primary inward charge carrier (Teulon, 2000). To isolate the effects of Na+
substitution

on

putative

/c a n ,

we

bath-applied

1

pM

TTX,

which

also

blocks

rhythmogenesis in the slice. Therefore, we used a Cs+-based patch-pipette solution and
depolarizing current steps to reliably evoke /cAN-mediated plateau-like potentials.
Intracellular Cs+, which attenuates K+ currents and reduces electrotonic length,
transformed the inspiratory drive potential present in control into a long-lasting plateau
potential (Fig.
pulse (Fig.
2 .7 A 2-5)

2 .7 A 1-2 )

2 .7 A 3 ).

that could also be evoked exogenously with a 50-150-m s current

The evoked plateaus were attenuated by 100 pM FFA (n=5, Fig.

in a manner consistent with the effects of 100 pM FFA on endogenous drive
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Figure 2.7. The ionic basis of / c a n . A, preBOtC neuron recorded with Cs+-patch solution shown
immediately after onset of whole-cell recording (Ai). After 2 min, the drive potential is
transformed into an inspiratory plateau response (A2), which can also be evoked using 150-ms
somatic current pulses (A3). 100 pM FFA reduces the endogenous (A4) and evoked (As)
responses. B, Inspiratory plateaus evoked with 50 ms current steps were subjected to
cumulative applications of 1 pM TTX, 200 pM Cd2+ and choline substitution for Na+ in the ACSF
Inset shows superimposition of the active responses immediately following current-pulse stimuli.

C, Inspiratory plateaus subjected to the same agents as in B (above), but with Cd2+ and choline
substitution in reverse order. Inset is similarly constructed. D, Inspiratory plateaus subjected to 1
pM TTX, and then cumulatively followed by 100 pM FFA and choline substitution. Inset is
similarly constructed as in B and C. Calibration bars in A apply to A-D and baseline membrane
potential was -6 0 mV.
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potentials, e.g., Fig. 2.7A.
In 1 pM TTX, addition of Cd2+ (200 pM) to block Ca2+ influx attenuated the
evoked

plateau

to 29±9%

of control

(P<0.05,

n=3); the

subsequent equimolar

replacement of N a+ with choline caused no significant change in the evoked response
(Fig. 2.7B, n=3). Reversing the order of these tests, choline substitution attenuated the
evoked plateau to 13±2% of control (P<0.05, n=3); further addition of Cd2+ (200 pM)
caused no further reduction (Fig. 2.7C; n=6 total). Also in the presence of 1 pM TTX, 100
pM FFA attenuated the evoked plateau to 39±8% of control (P<0.05, n=6). Choline
substitution further reduced the response by an additional 31 ±11% (p<0.05, n=4, Fig.
2.7D). These data

indicate that

/c a n

is expressed

in preBotC

neurons and

is

substantially, but incompletely, reduced by 100 pM FFA.

2.3. Discussion
Inspiratory drive potentials are a signature of preBotC neurons during the
inspiratory phase of the respiratory cycle. W e show that inspiratory drive potentials
depend on both ionotropic and metabotropic glutamate receptors to evoke postsynaptic
membrane properties. AMPARs are essential for respiratory rhythmogenesis (G reer et
al., 1991; Funk et al., 1993; Ge & Feldman, 1998; Koshiya & Smith, 1999) and thus are
pivotal for inspiratory drive potential generation in vitro. However, the roles of NMDARs
and mGluRs in drive potential generation have largely been overlooked. W e show that
both NMDARs and group I mGluRs contribute significantly to inspiratory drive potential
generation.

Inspiratory drive

potentials

required

intracellular C a2+ transients

decreased after exposure to 100 pM FFA. This suggests that

/c a n

and

is involved in

inspiratory drive potential generation.
Additionally, evoked plateau potentials under intracellular Cs+ conditions were
attenuated by FFA and also sensitive to external Na+ substitution and Cd2+, which is
indicative of

/c a n .

These properties are also hallmarks of unconventional members of the
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transient receptor potential, i.e., TRP, family of ion channels, namely TR P M 4 and/or
TR PM 5, which are FFA-sensitive, monovalent cationic channels gated by intracellular
C a2+. Therefore, TR P M 4 and/or TRPM 5, which are expressed in preBotC neurons
(Crowder et al., 2007), likely underlie

/c a n

in preBotC neurons (Launay et al., 2002;

Hofmann et al., 2003; Montell, 2005; Ullrich e ta l., 2005).
Role o f

Ic a n

Testing the role of

in inspiratory drive potentials and respiratory rhythmogenesis.

/c a n

in inspiratory drive potential generation using FFA proved difficult.

100 pM FFA incompletely blocked

/c a n

(Fig. 2.7D and Teulon, 2000) whereas higher

concentrations stopped respiratory rhythmogenesis altogether. Although it is tempting to
conclude that FFA at doses of 300-350 pM, e.g., Fig 2.6B, stopped the rhythm by fully
blocking
junctions,

/c a n ,

FFA at concentrations exceeding

C a+-dependent K+ channels

and

100 pM significantly affects gap

Cl' channels

(Ottolia

& Toro,

1994;

Greenwood & Large, 1995; Kochetkov et al., 2000; Harks et al., 2001), which are
present in preBotC neurons (Rekling & Feldman, 1997a; Brockhaus & Ballanyi, 1998;
Onimaru et al., 2003). Therefore, here and elsewhere, e.g., Pena et al., 2004; Tryba et
al., 2006, whether FFA is applied alone or in combination with other drugs, one cannot
assert that rhythm cessation brought on by FFA at doses exceeding 100 pM is
attributable solely to the ability of FFA to block of

/c a n .

How are we to reconcile our finding that 300-350 pM FFA blocks rhythm
generation with the prior report by Pena et al. (2004) in which 500 pM FFA was bathapplied and failed to stop respiratory rhythm in slices? This apparent discrepancy can be
explained as follows: the duration of FFA application is an important parameter because
we found dramatic effects of FFA within a 2 min window during which the rhythm went
from normal frequency to complete stoppage. The time course of FFA application was
not specified in Pena et al. (pertaining to their Fig. 7B) thus one cannot evaluate whether
FFA reached steady state in their protocol. Moreover, the slices employed by Pena et al.
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were 630-690 pm thick with their rostral surface at the caudal pole of the facial nucleus
(see Methods in Pena et al., 2004), which suggests that critical preBotC rhythmogenic
neurons were located ~200 pm deeper within their tissue compared to our slices and
thus would likely require longer exposure times for FFA to achieve its steady-state
effects. Lastly, one cannot rule out that rostral rhythmogenic circuits located at the
caudal pole of the facial nucleus such as the retrotrapezoid-parafacial respiratory group
(RTN-pFRG ) (Onimaru & Homma, 2003; Janczewski & Feldman, 2006) may be present
in the slices used by Pena et al., as suggested by the likely cytoarchitectonic boundaries
(Ruangkittisakul et al., 2006; Barnes et al., 2007). In contrast, the RTN-pFRG is not
present in our slices, which isolates the preBotC at the rostral surface (see Methods and
Ruangkittisakul e ta l., 2006).
To address the pharmacological caveats associated with use of FFA, we
analyzed of the role of

/c a n

in inspiratory drive potential generation using high levels of

intracellular BAPTA, which prevented

/c a n

activation by suppressing C a2+ transients. 30

mM BAPTA appears to substantially, if not quite fully, block

/c a n

yet has few (if any) other

effects on burst generation or membrane properties. For example: inspiratory drive
potentials were not further attenuated following intracellular BAPTA dialysis by the
subsequent application of 100 pM FFA. Also, 30 mM BAPTA had no effect on input
resistance and did not affect action potentials evoked with current pulses (Fig. 2.5A
inset). To the extent that BAPTA dialysis affects C a2+-dependent K+ channels that
normally attenuate the magnitude of inspiratory drive potentials (Onimaru et al., 2003),
we expect that the 60-70% BAPTA-mediated attenuation may actually underestimate of
the true contribution of

/c a n

during inspiratory drive potentials. W e conclude that

/c a n

predominantly contributes to inspiratory drive on a cycle-to-cycle basis by significantly
boosting

the

transformation

of

glutamatergic

synaptic

inputs

to

depolarization.
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membrane

I c a n activation mechanisms in preBotC neurons. W e hypothesize that three
pathways normally activate

/c a n

during inspiratory drive potential generation. First,

synaptically-activated mGluR5s trigger IP 3-mediated intracellular C a2+ release, which
activates

/c a n .

A similar mechanism may promote network-driven oscillations in CA1

pyramidal neurons, where group I mGluRs activate

/c a n

via a mechanism that likely

involves IP 3-mediated C a2+ release (Congar e ta l., 1997).
Second, inspiratory drive potentials depended on NMDAR-mediated C a2+ influx,
which may play a small but statistically significant role in activating

/c a n .

While the burst-

generating role of NMDARs is small in preBotC neurons, Ca2+ influx through NMDARs
exclusively activates

/c a n

to generate bursting oscillations in subthalamic neurons (Zhu

et al., 2004a, 2004b). AMPARs are primarily C a2+ impermeable in preBotC neurons
(Paarmann et al., 2000) and thus probably cannot activate

/c a n

directly.

Third, ionotropic receptor-mediated depolarization due to AMPARs, and possibly
NMDARs, opens voltage-gated C a2+ channels (Frermann et al., 1999; Pierrefiche et al.,
1999; Onimaru & Homma, 2003) and directly activates

/c a n

(Fig. 2.7B and Pena et al.,

2004). Voltage-gated C a2+ channels recruited by synaptic depolarization activate

/c a n

in

motoneurons of the nucleus ambiguous (Rekling & Feldman, 1997b), layer II neurons in
the entorhinal cortex (Egorov et al., 2002; Fransen et al., 2006), and blanes cells of the
olfactory

bulb

(Pressler & Strowbridge,

2006).

Importantly,

in neocortical

slices

NMDARs, voltage-gated Ca2+ channels and intracellular C a2+ release all converge to
activate

/c a n

during epileptiform discharges (Schiller, 2004), which resemble a prolonged

version of the inspiratory drive potentials in preBotC neurons.
Rather than acting on

/c a n ,

m G luRI

appears to promote inspiratory drive

potentials by transiently closing K+ channels. A similar role for m G luRI was identified in
lamprey spinal

neurons and

neonatal

mice XII

motoneurons,

wherein
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m G lu R I-

modulated K+ leak channel boosts membrane depolarization and increase membrane
excitability in vitro (Kettunen et al., 2003; Sharifullina et al., 2004).
The specific subtype of C a2+ channel involved in

/c a n

activation in preBotC

neurons remains unknown. While L-type C a2+ channels are present in preBotC neurons
(Onimaru et al., 1996; Mironov & Richter, 1998; Onimaru et al., 2003; Elsen & Ramirez,
2005) and are regulated by group I mGluR activation (Mironov & Richter, 2000), they do
not contribute to drive potential generation or XII motor output under standard conditions
in vitro (Fig. 2.4A and Onimaru et al., 2003). However, the role of L-type C a2+ channels
may change during hypoxia (Mironov & Richter, 2000).
Onimaru et al. (1996; 2003) studied N-type and P/Q-type C a2+ channels in
respiratory neurons throughout the ventral medullary column, including the RTN-pFRG.
N-type C a2+ channel blockade actually increases the magnitude of inspiratory drive
potentials because these channels are functionally linked to SK-type C a2+-dependent K+
channels, and the net effect of blocking them is to remove an activity-dependent outward
current (Onimaru et al., 2003). In contrast, oo-Agatoxin-IVA bath application significantly
reduces inspiratory drive potential amplitude (Onimaru et al., 2003), which suggests that
P/Q-type C a2+ channels may participate in

/c a n

activation, although this remains to be

demonstrated in preBotC neurons specifically.
That AMPARs are critical for rhythm generation may simply reflect their role as
the primary source of excitatory postsynaptic currents during the inspiratory phase.
However, NMDAR, m G luR I, and mGluR5 antagonists significantly attenuated the
magnitude of inspiratory drive potentials (Fig. 2.1), which suggests that the bulk of the
inward current during inspiratory drive is not conveyed by AMPARs. To explain their
critical role in vitro, we posit that AMPARs recruit and initiate the mechanisms that
activate

/c a n .

These mechanisms include the AMPAR-mediated depolarization required
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to activate C a2+ channels and partially relieve the voltage-dependent Mg2+ block of
NMDARs.
Physiological significance. One might expect that reducing the magnitude of
drive potentials in preBotC neurons would necessarily result in decreased XII motor
output, whereas in most of our experiments XII motor output was maintained even
though drive potentials in preBotC neurons decreased significantly. At present, how
changes in the inspiratory drive potentials from preBotC neurons affect presynaptic
drive to XII motoneurons is unknown. However, inspiratory synaptic drive to XII
motoneurons is primarily AMPAR-mediated with little to no postsynaptic contribution
from NMDARs (Funk e ta l., 1993) or mGluRs (Bocchiaro & Feldman, 2004; Sharifullina et
al., 2004; Nistri et al., 2006). Therefore, the pharmacological approaches used in this
study to attenuate inspiratory drive in the preBotC should not have affected XII
motoneurons directly. In contrast, XII motoneurons express persistent Na+ current ( W )
(Bellingham, 2006), which is consistent with bath-applied riluzole, the W

antagonist,

causing dose-dependent decreases in XII motor nerve output (Del Negro e ta l., 2002b;
Del Negro e ta l., 2005) that were absent when riluzole was injected directly into the
preBotC (Chapter 1 and Pace e ta l., 2007).
W e conclude that

/c a n

predominantly contributes to inspiratory drive on a cycle-

to-cycle basis by augmenting the transformation of synaptic input to membrane
depolarization,

/c a n

only becomes fully activated by glutamate-mediated activation of

AMPA, NMDA, and metabotropic glutamate receptors during endogenous respiratory
behavior, and thus is properly considered a network-induced property (and would not be
activated by current injection via an intracellular or patch electrode). A rhythmogenic

mechanism that depends on glutamatergic recurrent excitation coupled to intrinsic burstgenerating currents via intracellular signaling mechanisms was predicted by Rekling and
colleagues and dubbed the group pacem aker hypothesis (Rekling et al., 1996; Rekling &
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Feldman, 1998). In the group pacemaker hypothesis, some or all preBotC neurons
express postsynaptic currents that are normally latent and unavailable except when
recruited by synaptically activated signaling cascades. This is a major paradigm shift
because the rhythmogenic population need not express intrinsic voltage-dependent
pacemaker properties to play a key role in inspiratory burst generation. In light of the
diminishing evidence in support of the obligatory role of pacemaker properties in
respiratory rhythm generation (Chapter 1 and Del Negro et al., 2005; Pace et al., 2007),
our findings demonstrate that a framework in which recurrent synaptic excitation evokes
cellular burst-generating membrane properties available to all preBotC neurons, such as
the group pacemaker hypothesis, is a viable mechanism that can explain key aspects of
respiratory rhythmogenesis.

2.4. Methods
W e used neonatal C57BL/6 mice aged 0-6 days (PO-6) for experiments in vitro.
The Office for the Protection of Research Subjects (University of California Animal
Research Committee) and the Institutional Animal Care and Use Committee (The
College of William and Mary) approved all protocols.
Neonatal

mice

were

anesthetized

using

hypothermia

and

then

rapidly

decerebrated. The neuraxis was dissected in normal artificial cerebrospinal fluid (ACSF)
containing (in mM): 124 NaCI, 3 KCI, 1.5 CaCh, 1 M gS 0 4 , 25 N aH C 0 3 , 0.5 N aH 2 P 0 4 ,
and 30 D-glucose, equilibrated with 95% O 2 and 5% C O 2 with pH=7.4. Using a vibrating
microslicer and landmark criteria recently characterized via an online histology atlas
(Ruangkittisakul et al., 2006), we cut transverse slices (550 pm thick, Fig. 1.1A) that
contained the preBotC at the rostral surface and hypoglossal (XII) motoneurons. The
rostral cut captured the rostral-most XII nerve roots, the dorsomedial cell column and
principal lateral loop of the Inferior Olivary nucleus, which places the preBotC at or near
the rostral surface (Ruangkittisakul et al., 2006). The caudal cut captured the obex.
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Slices were perfused with 27°C A C S F at 4 ml/min in a 0.5 ml chamber mounted
rostral side up in a fixed-stage microscope equipped with Koehler illumination, infraredenhanced differential interference contrast videomicroscopy and epifluorescence. A C SF
K+ concentration was raised to 9 mM and respiratory motor output was recorded from XII
nerve roots using suction electrodes and a differential amplifier. The XII discharge was
conditioned using a true RMS-to-DC converter (Analog Devices, One Technology
Way, Norwood, MA), which produces a full-wave rectified and smoothed XII waveform
(e.g., XII trace in Fig. 1.1 B) based on the root-mean-square of voltage input to the
differential amplifier (Dagan Instruments, Minneapolis, MN).
All electrical recordings were performed on inspiratory preBotC neurons, visually
localized ventral to the semicompact division of the nucleus ambiguous (Fig. 1.1 A),
which exhibited an inspiratory discharge pattern (Fig. 1.1 B). We did not attem pt to
identify neurons with pacemaker properties and discarded recordings from expiratory
neurons. Current-clamp recordings were performed using a Dagan IX 2-700 amplifier
(Minneapolis, MN). Data were digitally acquired at 4-20 kHz using a 16-bit A/D converter
after low-pass filtering at 1 kHz to avoid aliasing. Intracellular pipettes (with 3-4 M
resistance) were fabricated from capillary glass (O.D., 1.5 mm; I.D., 0.87 mm) and filled
with one of three different intracellular solutions.

Standard

K-Gluconate solution

contained (in mM): 140 K-Gluconate, 5 NaCI, 0.1 EGTA, 10 HEPES, 2 Mg-ATP, and 0.3
Na-GTP. Second, a Cs+-based solution contained: 140 Cs-Gluconate (or Cs-Methane
sulfonate), 10 NaCI, 1.5 BAPTA (tetra-acetic acid), 10 HEPES, 0.7 CaCh, 2 Mg-ATP, and
0.3 Na-GTP. Third, 30 mM BAPTA solution contained: 30 K4-BAPTA, 20 K-Gluconate, 10
NaCI, 10 HEPES, 2 MgCh, 50 sucrose, and 0.3 Na-GTP. The K4 -BAPTA-based patch
solution contained either C aCh or C a(C F 3 SOs)2 to buffer the steady-state intracellular
Ca2+ concentration (i.e., [Ca 2 +]i). To obtain nominally 0 nM [Ca2+]i we added nothing, for
25 nM [Ca2+]i we added 1.6 mM CaCh, and for 120 nM [Ca2+]i we added
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6

mM Ca

(C F 3 S 0 3 ) 2 according to calculations by Maxchelator/WebMaxC software for determining
the free metal concentration in the presence of chelators (www.stanford.edu/~cpatton/
maxc.html). The liquid junction potentials of the K-Gluconate (8 mV), Cs+-based patch (3
mV), and BAPTA-based (8 mV) patch solutions were corrected offline.
In current clamp, we continuously monitored membrane potential and adjusted
the bias current to maintain a baseline membrane potential of - 6 0 mV to provide a
uniform standard for comparison of drive potentials among preBotC neurons. In some
experiments using Cs+-based patch solution, endogenous EPSPs generated plateau
potentials during the interburst interval when baseline membrane potential was held at
- 6 0 mV. In these experiments baseline membrane potential was held at - 8 0 mV so that
plateau-like inspiratory potentials occurred only during the inspiratory phase.
W e applied drugs such as Xestospongin-C (Xes) and BAPTA (Sigma-Aldrich, St.
Louis, M O ) intracellularly through the patch pipette solution. Xes was added to the
standard K-Gluconate patch solution immediately prior to use and discarded after 2
hours. W e used nystatin perforated patches to obtain baseline control data after
obtaining a gigaohm seal and prior to intracellular drug application (Sakmann & Neher,
1995). 250 pg/ml nystatin was added to the standard K-Gluconate patch solution
immediately prior to use. To verify the integrity of the patch, we backfilled our pipettes
with a patch solution containing 0.5% Lucifer yellow. After ~20 minutes of exposure to
nystatin the amplitude and area of the underlying inspiratory drive potentials could be
accurately measured, even though the high-impedance of the perforated patch partially
attenuated action potentials. Fluorescence was confined to the pipette in this condition.
Subsequently, the patch solution containing BAPTA or Xes was delivered intracellularly
via patch rupture, which dialyzed the cytosol and filled the neuron with fluorescent dye
reflecting the whole-cell configuration.

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

W e bath-applied these drugs obtained from Sigma-Aldrich: flufenamic acid (FFA),
and DL-2-Amino-5-phosphonovaleric acid (APV). W e obtained tetrodotoxin (TTX) from
EM D Biosciences (San Diego, CA). (RS)-APIC A (APICA), 6-methyl-2-(phenylethynyl)
pyridine hydrochloride (MPEP),

and (S)-(+)-Amino-4-carboxy-2-methylbenzeneacetic

acid (LY367385) were obtained from Tocris Bioscience (Ellisville, MO). W e substituted
choline for N a+ in some experiments (Fig. 2.7 B-D) thus the A CSF contained (in mM):
choline Cl (124), KCI (9), Choline H C O 3 (25), D-Glucose (30), CaC b (1.5) and M gS04
(1). H 2 PO 4' was omitted to prevent precipitation.
Respiratory period in vitro was computed from the average of ten consecutive
inter-inspiratory burst intervals, where each cycle was triggered by XII motor output. W e
measured the amplitude and area of inspiratory drive potentials and XII motor output.
The inspiratory drive potential, i.e., the envelope of depolarization that underlies spike
bursts during the inspiratory phase, was obtained by digitally filtering the intracellular
voltage trajectory to remove spikes but preserve the amplitude and area of the
underlying voltage trajectory. The mean drive potential and XII motor output were
computed by averaging ten consecutive cycles. W e compared all of these measures in
control versus in the presence of various drugs using paired t-tests or an analysis of
variance (ANOVA, Fig. 2.5D), with significance for the two-tailed test set at a minimum of
p<0.05.
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CHAPTER 3: AMPA receptors trigger inspiratory burst generation in
preBdtzinger complex neurons

3.1. Introduction
Inspiratory burst potentials in preBotzinger Complex (preBotC) neurons are the signature
event characterizing the inspiratory phase of respiration in mammals (Feldman and Del
Negro, 2006) and comprise 10-30 mV envelopes of depolarization, dubbed inspiratory
drive potentials, with overriding spiking (Introduction and Pace et al., 2007b). Drive
potential generation in preBotC neurons depends on the C a2+-activated non-specific
cationic current

(/can)

evoked by intracellular C a2+ transients from voltage-gated calcium

channels (VGCCs), inositol 1,4,5-trisphosphate (IP 3) receptors (IP 3 RS) coupled to group
I metabotropic glutamate receptors (mGluRs) and - to a lesser extent - NM DA receptors
(NM DARs) (Chapter 2 and Pace et al., 2007a). Given multiple mechanisms that activate
/c a n

and the important role of mGluRs, it is surprising that AMPA receptor (AMPAR)

antagonists completely block inspiratory rhythmogenesis (Ge and Feldman, 1998; Greer
et al., 1991; Koshiya and Smith, 1999; Lieske and Ramirez, 2006). These data suggest
a strong, but undetermined, functional link between AMPARs and the mechanisms
underling

/can

activation, namely IPsR-mediated intracellular C a2+ release and VG CCs.

AMPARs in preBotC neurons are primarily comprised of the edited GluR2
subunit, which is C a2+-impermeable (Paarmann et al., 2000) and therefore are not likely
to activate

/can

directly. While NMDARs could conceivably provide a direct C a2+ source
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for

/can

activation, these receptors are only nominally recruited from baseline membrane

potentials during rhythmogenesis and provide little overall contribution to drive potential
generation (Funk et al., 1997; Morgado-Valle and Feldman, 2007; Pace et al., 2007a).
Instead, VG C C s activated byAMPAR-mediated depolarization are a viable candidate for
/ca n

activation.
Group I mGluRs initiate phosphoinositide hydrolysis and couple to IP 3 RS in

preBotC neurons (Crowder et al., 2007; Pace et al., 2007a). W e speculate that periodic
glutamate release during rhythmogenesis produces a steady-state supply of IP 3 in the
cytosol. This poses a hypothetical scenario where Ca2+ influx from VG CCs, and not IP 3
production p e r se, triggers IP 3 R activation (Finch et al., 1991), since increased levels of
intracellular C a2+ , as well as IP 3 , are required for IP 3 R activation (Bezprozvanny et al.,
1991; lonescu et al., 2006). The subsequent IPsR-mediated intracellular C a2+ release
contributes to

/ca n

activation during periodic drive potential generation.

Here, we propose and test the hypothesis that AMPAR-mediated depolarizations
are an essential part of respiratory rhythmogenesis because they trigger inspiratory drive
potential generation by activating VGCCs, which flux C a2+ that

( i)

activates

/can

directly

(Pace et al., 2007a; Pena et al., 2004), and (ii) are a prerequisite for the group I mGluRmediated depolarization. The mechanisms we identify, involving VG C C s as well as
intracellular biochemical signaling, are important because they unite ionotropic and
metabotropic glutamate receptor function to periodically recruit

/ca n

and produce large

magnitude inspiratory bursts in the service of robust respiratory rhythmogenesis.

3.2. Results
W e first tested whether AMPARs trigger

/can

activation in preBotC neurons. Local

applications or “puffs” of AMPA (250 pM) in the presence of TTX (0.5 pM) provided a
convenient model in which to study the postsynaptic machinery involved in inspiratory
drive potential generation (Fig. 3.1). This puff protocol provided a surrogate form of

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

B

AMPApuff

control

TJX

ii5 m V
I 5s
'M

M J*

ii^iiAnni U u C j M iJ** UJkrf mm

XII

I,

I

_A. ... J _ .

A

5

A

'v*Ji

« *

I

I

. A _ ._ s .

I,

,1 jj

A

AMPA puff

Figure 3.1. Local microinjection protocol provides a convenient model to study inspiratory drive
potential generation. A, a schematic depiction of the experimental set-up, illustrating the
intracellular recording electrode and the ‘puffer’ pipette. B, brief pulses of AMPA are delivered via
a microinjection system triggered at 0.1 Hz to elicit depolarizations in preBotC neurons measured
with somatic intracellular recordings. We adjusted the puff so that the evoked drive potential
matched the amplitude of the endogenous drive potential (middle traces) and then applied TTX
(0.5 pM) to block endogenous rhythmic activity.
synaptic input that allowed us to use antagonists such as GYKI 52466 (GYKI), Cd2+ and
high concentrations of flufenamic acid (FFA) - which normally block rhythmic activity in
vitro and thus the endogenous synaptic input required for drive potential generation.
After blocking endogenous synaptic input using TTX, we adjusted the puff so that the
evoked drive potential matched the amplitude of the endogenous drive potential (Fig.
3.1 B). Antagonizing

post-synaptic

Na+ channels

does

not

block

drive

potential

generation orAMPA-mediated depolarizations (Figs. 3.1 B, 1.1 and Pace et al., 2007b).
AMPA puffs caused a transient 18±1

mV depolarization (n=51) that was

reversibly blocked by the non-competitive antagonist GYKI (100 pM; 13±5% of control,
P=0.02, n=5, Fig. 3.2D). AMPA-evoked depolarization depended strongly on
the

/c a n

/c a n

since

antagonist FFA (300 pM) significantly attenuated the response (23±2% of

control, P=0.002, n=5, Fig. 3.2A and D). Although doses of FFA exceeding 100 pM can
enhance BK-type C a2+-dependent K+ currents

( I b k -c s )

(Greenwood and Large, 1995;

Kochetkov et al., 2000), the co-application of FFA (300 pM) and the

/b k -c s

antagonist

charybdotoxin (CTX, 0.1 pM) similarly attenuated the AMPA-evoked depolarization (19
±3% of control, P =0.003, n=3, Fig. 3.2D). These data suggest that FFA primarily

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A

B

AMPApuff

AMPApuff

control
C d 2+

Figure 3.2. AMPA-mediated depolarizations trigger / can activation via VGCCs. A, 300 pM
flufenamic acid (FFA) causes a significant attenuation of AMPAR-mediated depolarization. B, 100
pM IEM-1460, a Ca2+-permeable-AMPAR antagonist does not perturb AMPAR-mediated
depolarizations. C, 200 pM Cd2+ attenuates AMPAR-mediated depolarizations. D, A bar chart
summarizing our findings. In A, B and C, the baseline membrane potential is -60 mV. All traces
represent steady-state conditions measured by averaging 10 consecutive 10 s traces in the
presence of 0.5 pM TTX. * indicates P<0.05; *** indicates P<0.001.
decreases AMPA-evoked depolarizations via blocking
currents attributable to /BK-ca. Moreover,

/c a n ,

not by augmenting outward

100 pM FFA reduced the AMPA-evoked

depolarization to a lesser extent (51 ±8% of control, P=0.02, n=5, Fig. 3.2D) consistent
with 100 pM FFA being an incomplete blocker of

/c a n

in preBotC neurons (Chapter 2 and

Pace et al., 2007a).
W e next investigated whether AMPARs activate

/c a n

directly or via a mechanism

involving VG CCs. The C a2+-permeable-AMPAR antagonist IEM -1460 (100 pM) had no
significant effect on the AMPA-evoked depolarization (120±15% of control, P= 0.75, n=4,
Fig. 3.2B and D). In contrast, blocking VG C C s with Cd2+ (200 pM) significantly
attenuated the AMPAR-evoked response (28±1% of control, P=0.0004, n=5, Fig. 3.2C
and D). These findings corroborate anatomical evidence that AMPARs in preBotC
neurons are primarily C a2+-impermeable (Paarmann et al., 2000) and suggest that C a2+
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influx via V G C C s evoked by AMPAR-mediated depolarizations directly activate

/c a n

to

transiently depolarize the neuron.
Group I mGluRs are responsible for approximately 40-50% of inspiratory drive
potentials during endogenous respiratory network activity in vitro (Chapter 2 and Pace et
al., 2007a). W e sought to clarify the role of group I mGluRs, particularly regarding the
possible interactions of mGluRs, AMPARs, and

/c a n

during drive potential generation.

To test whether AMPAR activation is normally required for group I mGluR activity,
we used a similar protocol as in Fig. 3.1 but puffed the specific group I agonist DH P G (5
pM) with a low concentration of AMPA (1 pM, which is <1% of the AMPA concentration
puffed in Fig. 3.2). DHPG+AMPA puffs evoked membrane depolarizations (14±1 mV,
n=34) that remained stable for >30 min (107±5% of control, n=3, Fig. 3.3G ) suggesting
that VG CCs evoked by Na+ spikes are not important in replenishing of the intracellular
stores with C a2+. In contrast, puffing DHPG (5 pM) alone failed to depolarize preBotC
neurons (n=3, not shown). The AMPA+DHPG-evoked response was strongly attenuated
by the group I mGluR antagonist PHCCC (30 pM; 30±3% of control, P=0.001, n=5, Fig.
3.3A and G) and was blocked by GYKI (100 pM; 12±3% of control, P=0.01, n=5, Fig.
3.3B and G), which demonstrates the involvement of both AMPARs and group I mGluRs
and shows that AMPAR activation is a prerequisite for mGluR-mediated depolarizations.
Next, we sought to determine why AMPARs are required to accompany group I
mGluR activation. Both subtypes of group I mGluRs (m G luRI and 5) contribute to
inspiratory drive potentials in preBotC neurons; mGluR5s are functionally coupled to

/c a n

activation via a mechanism that involves IP 3 RS, while m G luR ls likely regulate a K+
channel and are independent of

/c a n

and IP 3 R activation (Chapter 2 and Pace et al.,

2007a). Here we found that both subtypes contributed to DHPG+AMPA responses as
the depolarization was attenuated by both the m G luRI antagonist LY 367385 (LY, 50
pM; 60±8% of control, P=0.02, n=3, Fig. 3.3C and G) and the mGluR5 antagonist M PEP
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Figure 3.3. Group I mGluR-mediated depolarizations depend on AMPARs. A, 30 pM PHCCC, a
group I mGluR antagonists, causes a significant attenuation of the DHPG+AMPA-mediated
depolarization. B, 100 pM GYKI 52466 (GYKI) blocks the DHPG+AMPA-mediated response. C,
blocking mGluRI with 50 pM LY367385 (LY) and D mGluR5 with 20 pM MPEP both reduce the
DHPG+AMPA-mediated response. Inset (cyan) in D shows mGluR5-mediated depolarizations are
rapidly evoked (<30 ms) by DHPG+AMPA puffs. The mGluR5-mediated depolarization was
obtained by subtracting the MPEP trace from the control trace. E and F, chelating intracellular
C a2+ with 3 0 mM intracellular BAPTA blocks the attenuating effect of M PEP (F ) but not LY (E ). G ,

a bar chart summarizing our findings. In all experiments, the baseline membrane potential is -60
mV. All traces represent steady-state conditions measured by averaging 10 consecutive 10 s
traces in the presence of 0.5 pM TTX. * indicates P<0.05; ** indicates P<0.01; *** indicates
P<0.001.
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Figure 3.4. mGluR5 activates / c a n via IP 3 RS and depends on VGCCs. A, 50 pM 2-APB, an IP 3 R
antagonists, attenuates the DHPG+AMPA-mediated depolarization. B, 200 pM Cd2+ and C, 300
pM FFA blocks the DHPG+AMPA-mediated response. D, a bar chart summarizing our findings. In
all experiments, the baseline membrane potential is -60 mV. All traces represent steady-state
conditions measured by averaging 10 consecutive 10 s traces in the presence of 0.5 pM TTX. *
denotes P<0.05.
(20 pM; 49±9% of control, P=0.03, n=4, Fig. 3.3D and G).
W e posit that AMPARs are required for group I mGluR activation because they
provide membrane depolarization, which may open VG CCs or serve some other
purpose.

Therefore,

we

tested

whether

the

m G lu R I-

or

mGluR5-mediated

depolarizations require elevated concentrations of intracellular C a2+, and thus may
depend on VG CCs. W e dialyzed the intracellular milieu with a patch solution containing
30 mM BAPTA, which buffers intracellular C a2+ and prevents

/c a n

activation within ~20

min (Chapter 2 and Pace et al., 2007a). After waiting 30 min for BAPTA to reach steady
state, LY (50 pM) reduced the DHPG+AMPA-mediated response (42±6% of steady-state
BAPTA condition, P=0.001, n=4, Fig. 3.3E and G), indicating that m G luRI functions
independently of intracellular C a2+ dynamics. In contrast, M PEP (20 pM) had no
significant effect (89±9% of control in steady-state BAPTA conditions, P=0.34, n=3, Fig.
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3.3F and G) indicating mGluRS-mediated depolarizations require intracellular C a2+
transients.
Since DHPG alone was ineffective at causing postsynaptic depolarization, the
data in Fig. 3.3E and F show that AMPARs and intracellular C a2+ dynamics are critical
for

the

depolarizing

actions

mediated

by

mGluR5,

whereas

m G luRI-m ediated

depolarizations only depend on AMPAR activation, but not intracellular C a2+ dynamics.
Next, w e tested whether the group I mGluR-depolarization depended on IP 3 RS. The IP 3 R
antagonist

2-APB

(100

pM)

significantly

attenuated

the

DHPG+AMPA-mediated

depolarization (54±4% of control, P =0.02, n=4, Fig. 3.4A and D), consistent with
mGluR5-mediated depolarizations requiring

IPsR-mediated intracellular C a2+ release

(Chapter 2 and Pace et al., 2007a).
These findings further suggest that m GluRI-m ediated depolarizations do not
require C a2+ transients and thus may serve to amplify membrane depolarizations via a
mechanism independent of intracellular C a2+ transients and

/c a n .

In contrast, mGluR5-

mediated depolarizations require intracellular C a2+ transients, which is consistent with a
role in IPsR-mediated intracellular C a2+ release and

/c a n

activation (Chapter 2 and Pace

et al., 2007a). However, the BAPTA experiments (i.e., Fig. 3.3E, F) do not explicitly test
the role of C a2+ in IP 3 R activation since BAPTA buffers the IPsR-mediated intracellular
C a2+ release that ordinarily evokes

/c a n ,

as well as the initial C a2+ influx we posit is

required to activate IP 3 RS.
Therefore, we explicitly tested the role of VG C C s and

/c a n

in the DHPG +AM PA-

mediated depolarizations. W e reasoned that if an initial Ca2+ influx (i) is a prerequisite for
IPsR-mediated intracellular C a2+ release, and (ii) directly activates
either V G C C s or

/c a n

/c a n ,

then blocking

should attenuate the DHPG+AMPA response to the same extent.

Accordingly, Cd2+ significantly attenuated the DHPG+AMPA-mediated response (31 ±3%
of control, P=0.02, n=4, Fig. 3.4B and D) to a similar extent as FFA (300 pM; 26±4% of
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Figure 3.5. AMPAR-mediated depolarizations, not IP3 production, triggers IP3RS. A and B, AMPAmediated depolarization in preBOtC neurons dialyzed with 6 pM IP3 are blocked by 100 pM GYKI
and attenuated by 100 pM 2-APB. C, tonic activation of mGluR5 with the bath-application of 5
pM DHPG and 50 pM LY367385 (LY) augments the AMPA-mediated depolarization. D, the
augmentation of the AMPA-mediated response is absent if 2-APB is applied with DHPG and LY.
In A, B and C, the baseline membrane potential is -60 mV. All traces represent steady-state
conditions measured by averaging 10 consecutive 10 s traces in the presence of 0.5 pM TTX.
control, P= 0.02, n=4, Fig. 3.4C and D). These findings suggest that V G C C s are required
for mGluR5- and thus IP 3 R-mediated depolarizations.
In contrast to previous studies (Finch and Augustine, 1998; Nakamura et al.,
1999; Okubo et al., 2004; Topolnik et al., 2005), the depolarizations associated with
mGluR5s in preBotC neurons are very rapid, on the same order as those evoked by
AMPARs (Fig. 3.3D,

inset). Moreover, antagonizing VG CCs blocks the mGluR5-

mediated depolarization. These findings raise the possibility that the phasic activation of
IP3RS in preBotC neurons depends on C a2+ transients, not the periodic synthesis of IP3.

To directly test whether IP 3 R activation depended on C a2+ influx from VG CCs,
and not the production or binding of IP 3 , we dialyzed the neuron with a patch solution
containing 6 pM IP 3 to ensure IP 3 is not the rate-limiting step leading to membrane
depolarization (E C 50 for IP 3 R activation is 0.27pM IP 3) (Tu et al., 2005). After 20 minutes
of whole-cell recording AMPA-evoked depolarizations (identical puffing protocol as Fig.
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3.2) remained stable for >30 minutes (95±8% of control, P =0.5, n=3, not shown)
suggesting that 20 min is sufficient for IP 3 to fully diffuse through the cytosol. The AMPAevoked depolarization was blocked by GYKI (6±1% of steady-state IP 3 conditions,
P=0.01, n=4, Fig. 3.5A) and significantly reduced by 2-APB (59±6% of steady-state IP 3
conditions, P=0.003, n=5, Fig. 3.5B). Additionally, constitutively activating mGluR5s by
bath-applying DHPG (5 pM) with m G luRI antagonist LY (50 pM) significantly amplified
the AMPA-mediated response (146±10% of control, P=0.01, n=4, Fig. 3.5C). The
mGluR5-mediated augmentation of the AMPA-mediated response depended on IP 3 RS
because the co-application of DHPG, LY and 2-APB failed to elicit a similar effect (99
±5% of control, P =0.89, n=3, Fig. 3.5D). These data suggest that AMPAR-mediated
depolarizations acting in concert with VG CCs, and not IP 3 production or binding, are the
rate limiting-step in IP 3 R activation.
3.3. D iscussion
AMPARs play a critical role in generating inspiratory drive potentials during
respiratory rhythm generation. Under standard in vitro conditions, blocking AMPARs,
VG CCs, or

/c a n

(using high concentrations of FFA) prevents endogenous drive potential

generation in preBotC neurons (Chapter 2 and Ge and Feldman, 1998; G reer et al.,
1991; Onimaru et al., 2003; Pace et al., 2007a). First and foremost, we show that
AMPAR-mediated depolarizations activated - and then were amplified by AMPA-mediated C a2+ influx responsible for

/c a n

/c a n .

The

activation originated from VG CCs, not

C a2+-permeable AMPARs (Fig. 3.2C and Paarmann et al., 2000). Moreover, we found
that group I mGluR-mediated depolarizations required AMPARs.
In preBotC neurons, mGluR5s contribute to drive potential by activating

/c a n

through IPsR-mediated intracellular C a2+ release (Fig. 3.3G, 3.3H, 2.3B and Pace et al.,
2007a). Interestingly, we found that VG C C s evoked by AMPARs were required to evoke
IPsR-mediated depolarization. This suggests that the binding of C a2+ to IP 3 RS, not IP 3

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3.6. Schematic showing the major components of /can activation. A, during the interburst
interval, IP3 RS are primed with IP3, but not Ca2+ so they are inactive. It is unknown whether or
not mGluR5s are constitutively active during the interburst interval. B, drive potential generation
depends on the opening of voltage-gated Ca2+ channels (VGCCs) by AMPAR-mediated
depolarizations. The resulting Ca2+ influx activates /can directly and indirectly by triggering IP 3mediated Ca2+-release. The majority of the drive potential is comprised of /can.
itself, triggers IPsR-mediated intracellular C a2+ release. Consistent with this hypothesis,
we found that activating AMPARs,

and thus VGCCs, evoked an

IPsR-mediated

depolarization under three specific conditions: phasic mGluR5 activation, tonic mGluR5
activation, and in the presence of a steady-state - and elevated - concentration of
exogenous IP 3 . These findings suggest that both phasic and tonic mGluR5 activation
and the subsequent IP 3 production act on a slower timescale (Fig. 3.6A) ensuring that
IP 3 levels remain relatively stable while the rapid dynamics of intracellular C a2+dynamics
transiently activate IP 3 RS on the faster timescale required by inspiratory drive potential
generation (Fig. 3.6B).
Within this framework, AMPARs evoking C a2+ influx through V G C C s can
transiently activate IP 3 RS, within the tens of milliseconds observed during the AMPA and
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DHPG-mediated depolarization (e.g. Fig. 3.3D inset) since IP 3 Rs are already primed
with IP 3 . In contrast to IP 3-mediated intracellular C a2+ release triggered by phasic mGluR
activation which normally requires >200 ms (Finch and Augustine, 1998; Nakamura et
al., 1999; Okubo et al., 2004; Topolnik et al., 2005), the mGluR5 component of the
DHPG and AMPA-mediated depolarization required ~30 ms to activate (Fig. 3.3D inset).
Therefore, we posit that the phasic C a2+ transients from VG CCs that directly activate
/c a n

are also ideal to trigger IP 3 RS during network driven behaviors, such as respiratory

rhythmogenesis.
Postsynaptic m G luR ls contributes to inspiratory drive potentials by a Cs+sensitive mechanism (Chapter 2 and Pace et al., 2007a) that is consistent with
regulating a K+ channel. While the specific subtype of K+ channel remains unresolved,
the m G luRI -mediated signaling pathway does not require IP3RS (Chapter 2 and Pace et
al., 2007a) or intracellular C a2+ transients (Fig. 2.2E), which excludes the involvement of
a protein kinase C-dependent regulatory mechanism often associated with group I
mGluRs.

Nevertheless,

the

net effect of m G luRI

activation

is to enhance the

depolarizing effect of any postsynaptic inward current (i.e., AMPA or

/c a n )

presumably by

increasing the input resistance of the membrane.
Here we summarize a novel framework for inspiratory drive potential generation:
EPSPs from AMPARs cause depolarizations that trigger C a2+ influx via VG CCs. The
resulting C a2+ influx activates
release

through

IP3RS

/c a n

directly and then indirectly by gating intracellular C a2+

(Pace

et

al.,

2007a).

Additionally,

AMPA-dependent

depolarizations may partially relieve the voltage-dependent Mg2+ block of NM D A
receptors at baseline membranes in preBotC neurons (Morgado-Valle and Feldman,
2007), which further promotes

/c a n

activation in the service of robust inspiratory drive

potential generation.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

AMPARs are essential for respiratory rhythm generation; this has been well
known since 1991 (Funk et al., 1993; Greer et al., 1991) but the reason why is now clear.
AMPARs are critical for rhythmic drive potential generation under standard in vitro
conditions because they provide the initial depolarization that opens V G C C s and starts
the cascade that generates inspiratory drive potentials that depend on

/c a n .

3.4. Methods
W e used neonatal C57BL/6 mice aged 0-4 days (P0-4) for experiments in vitro.
The Institutional Animal Care and Use Committee (The College of William and Mary)
approved all protocols.
Neonatal

mice

were

anesthetized

using

hypothermia

and

then

rapidly

decerebrated. The neuraxis was dissected in normal artificial cerebrospinal fluid (ACSF)
containing (in mM): 124 NaCI, 3 KCI, 1.5 CaCI2, 1 M g S 0 4, 25 NaHCOa, 0.5 N aH 2P 0 4,
and 30 D-glucose, equilibrated with 95% 0 2 and 5% C 0 2 with pH=7.4. Using a vibrating
microslicer and landmark criteria recently characterized via an online histology atlas
(Ruangkittisakul et al., 2006), we cut transverse slices (550 pm thick) that retained
hypoglossal (XII) motoneurons and premotoneurons, as well as active respiratory
circuits with the preBotC at the rostral surface: the rostral cut captured the rostral-most
XII nerve roots, the dorsomedial cell column and principal lateral loop of the Inferior
Olivary nucleus, which places the preBotC at or near the rostral surface. The caudal cut
captured the obex.
Slices were perfused with 27°C A CSF at 4 ml/min in a 0.5 ml chamber mounted
rostral side up in a fixed-stage microscope equipped with Koehler illumination, infraredenhanced differential interference contrast videomicroscopy. A CSF K+ concentration was
raised to 9 mM and respiratory motor output was recorded from XII nerve roots using
suction electrodes and a differential amplifier. The XII discharge was conditioned using a
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true RM S-to-DC converter (Analog Devices, One Technology Way, Norwood, MA), which
produces a full-wave rectified and smoothed XII waveform based on the root-meansquare of voltage input to the differential amplifier (Dagan Instruments, Minneapolis,
MN).
All electrical recordings were performed on inspiratory preBotC neurons, visually
localized with IR-DIC videomicroscopy ventral to the semicompact division of the
nucleus ambiguous, and confirmed via recording to exhibit an inspiratory discharge
pattern. W e discarded recordings from expiratory neurons, which are not thought to be
rhythmogenic (Brockhaus and Ballanyi, 1998) and did not attempt to identify neurons
with pacemaker properties, since all rhythmogenic preBotC neurons are endowed with
the same complement of intrinsic membrane properties (Chapter 1 and 2 and Hayes and
Del Negro, 2007; Pace et al., 2007a; Pace et al., 2007b).
Current-clamp recordings were performed using a Dagan IX2-700 amplifier
(Minneapolis, MN). Data were digitally acquired at 4-20 kHz using a 16-bit A/D converter
after low-pass filtering at 1 kHz to avoid aliasing. Intracellular pipettes (with 3-4 MQ
resistance) were fabricated from capillary glass (O.D., 1.5 mm; I.D., 0.87 mm). W e filled
the recording pipette with one of two solutions: a standard K-Gluconate solution
contained (in mM): 140 K-Gluconate, 5 NaCI, 0.1 EGTA, 10 HEPES, 2 Mg-ATP, and 0.3
Na-GTP, or a 30 mM BAPTA solution: 30 K4 -BAPTA, 20 K-Gluconate, 10 NaCI, 10
HEPES, 2 MgCb, 50 sucrose, 0.3 Na-GTP, and 1.6 mM CaCb. In some experiments
(e.g. Fig. 3.5 A and B), 6 pM IP3 was added to the standard K-Gluconate patch solution.
The liquid junction potential of the K-Gluconate and BAPTA (8 mV) patch solution was
not corrected offline.
W e used a micropressure ejection system (Toohey Company, Fairfield, New
Jersey) gated by an external pulse generator at 0.1 Hz to locally deliver AC SF containing
either AMPA (Sigma-Aldrich, St. Louis, MO) or a combination of AMPA and DHPG
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(Tocris, Ellisville, MO). After obtaining a whole cell recording, we visually positioned a
patch-like pipette near the dendrite of the recorded neuron. TTX (0.5 pM) was then
added to silence the network and the pressure of the injection was adjusted (1-10 psi) in
order to evoke a somatic depolarization that matched the amplitude of the neuron’s
endogenous inspiratory drive potential (Fig. 3.1). Throughout the experiment, we
continuously monitored membrane potential and adjusted the bias current to maintain a
baseline membrane potential of - 6 0 mV in order to provide a uniform standard for
comparison among many experiments.
W e bath-applied these drugs obtained from Tocris: tetrodotoxin citrate (TTX),
(GYKI),
acid

IEM -1460,

(LY367385),

PHCCC, 2-APB,
and

(S)-(+)-Amino-4-carboxy-2-methylbenzeneacetic

6-methyl-2-(phenylethynyl)pyridine

hydrochloride

(M PEP).

Flufenamic acid (FFA) was obtained from Sigma and was also bath-applied. W hen we
blocked V G C C s with CdCb (200 pM), we omitted H 2 PO 4' from the A CSF in order to
prevent precipitation.

IP 3 (Invitrogen,

Inc.) and

K4 -BAPTA (Sigma) were

applied

intracellularly via the patch solution.
W e averaged 10 consecutive cycles of the evoked-depolarization in each drug
condition. The peak amplitudes of the averaged traces were measured and recorded
using the peak parameter extension in Chart software (AD Instruments, Colorado
Springs, CO). W e then computed and recorded the mean and standard error mean
values (mean ± SEM ) for each drug condition. Significance was assessed using twotailed, paired t-tests, with significance set at a minimum of P<0.05.
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CHAPTER 4. Respiratory frequency modulation within the framework of
recurrent excitation and the Group Pacemaker Hypothesis

4.1. Introduction
The preceding chapters investigated in detail the mechanisms underlying the
inspiratory drive potential in preBotzinger Complex (preBotC) neurons. However, the
events preceding inspiratory drive potential are not well understood. The group
pacem aker hypothesis posited that inspiratory burst generation is preceded by an
obligatory phase of recurrent synaptic excitation, which subsequently evokes the intrinsic
membrane properties, such as voltage-gated C a2+ channels (VGCCs), and the C a2+activated non-specific cationic current

( /c a n )

that signal inspiratory drive potential

generation (Feldman and Del Negro, 2006; Rekling and Feldman, 1998). Recurrent
excitation

is hypothesized to begin when

some preBotC neurons with

baseline

membrane potentials above spike threshold begin spiking, which evokes excitatory
postsynaptic potentials (EPSPs) in postsynaptic neurons. The low frequency EPSPs
depolarize the postsynaptic membrane and recruits additional spiking. This process
increases network excitability by creating a positive feedback loops. When enough
incoming EPSPs occur within a small temporal window, they summate and activate
V G C C s that trigger inspiratory drive potential generation. This excitation quickly
propagates through the network forming a network-wide burst that signals the inspiratory
phase of respiration. The mechanisms involved in burst termination are currently
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unknown.
Within this framework, the rate of recurrent excitation would depend on the
properties

underlying

AMPAR-mediated

EPSPs

and

their

temporal

summation.

Therefore, we posit that modulating EPSPs and synaptic integration should directly
regulate respiratory frequency. Here, w e use new, as well as reinterpret past, findings to
explain respiratory frequency modulation within the context of recurrent excitation and
the group pacemaker hypothesis.

4.2. Results
The role of low frequency E PSPs in recurrent excitation. Recurrent excitation
begins as some neurons begin to spike, which generates EPSPs in postsynaptic
neurons. W e posit that if recurrent excitation is important in respiratory rhythm
generation, then the rhythm must at some point depend on low frequency EPSPs during
the interburst interval. AMPARs likely underlie the interburst interval EPSPs as they are
critical in triggering the inspiratory drive potential (Chapter 3) and NMDARs are blocked
at resting membrane potentials in preBotC neurons (Morgado-Valle and Feldman, 2007).
To test the role of the low-frequency AMPAR-mediated EPSPs, we used the low-affinity
competitive AMPAR antagonist y-DGG (DGG). In hippocampal neurons, ~80% of
AMPAR-mediated current is blocked by 1.5-2 mM DGG at low glutamate concentrations,
whereas the degree of block is diminished at higher glutamate concentrations (~40%
block) (Christie and Jahr, 2006; Liu et al., 1999). In contrast to GYKI 52466 (GYKI; Fig.
4.1 A), which blocks equally at low and high glutamate concentrations, DGG (4 mM) does
not block depolarizations evoked by 250 pM AMPA puffs (Fig. 4.1B). Similar to Liu et al.
(1999), the rate of decay for the AMPAR-mediated depolarization was increased in the
presence of DGG indicating that DGG is more efficient as AMPA diffuses away from
AMPARs consist with the properties of a low-affinity competitive AMPAR antagonist.
These findings suggest that DGG is a useful tool to test the role of low frequency
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Figure 4.1. The low-affinity AMPA receptor antagonist y-DGG (DGG) blocks inspiratory rhythm
generation. A, in the presence of 0.5 pM TTX, bath-application of 100 pM GYKI 52466 (GYKI)
blocks depolarizations elicited by local application of 250 pM AMPA. B, in contrast to GYKI, 4
mM DGG failed to attenuate the peak amplitude of the AMPA-mediated depolarization. However,
DGG did increase the rate of decay of the response. C, 50 pM APV attenuated inspiratory drive
potential generation without a significant effect on the frequency of magnitude of XII motor
output. The subsequent bath-application of DGG (4 mM) blocked inspiratory drive potential
generation and XII motor output, which fully recovered in washout. In A, B and C, the baseline
membrane potential is -60 mV.
AMPAR-mediated EPSPs present during the initial phases of recurrent excitation since
DGG blocks AMPARs when glutamate is present at a low concentration; in contrast,
DGG should not block the high-frequency EPSPs associated with drive potential
generation.
Accordingly, we tested the effects of blocking low-frequency AMPAR-mediated
EPSPs on inspiratory rhythm generation with DGG (2-4 mM). Since DG G also blocks
NMDARs (Watkins et al., 1990), which contribute to drive potential in preBotC neurons
(Morgado-Valle and Feldman, 2007; Pace et al., 2007a), we first applied the NM DAR
antagonist, A P V (50 pM), which slightly reduces inspiratory drive potential generation but
has no effect on XII motor amplitude or frequency (Pace et al., 2007a). In contrast, the
co-application of A P V and DGG blocked inspiratory rhythm generation (n=5, Fig. 4.1C).
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Washout of DGG revived the rhythm in all cases (n=5). These findings suggest that lowfrequency AMPAR activity is critical for inspiratory rhythm generation in preBotC
neurons.
Properties governing E P S P summation. Modulating the properties underlying
E PSP summation (i.e., synaptic integration) should affect the time for recurrent excitation
to reach its critical burst-generating threshold. Therefore, we predict that modulating
EPSPs and synaptic integration will directly regulate respiratory frequency. Synaptic
integration depends on the amplitude, duration and frequency of EPSPs (Gulledge et al.,
2005; Hausser et al., 2000; Magee, 2000; Stuart et al., 1999). A link between EPSP
properties and respiratory frequency modulation becomes apparent when new and past
findings are reanalyzed within the context of recurrent excitation.
Post-svnaptic modulation of AMPARs. The magnitude of EPSPs may regulate
inspiratory frequency by influencing the temporal summation of EPSPs leading to the
activation of VG CCs. Respiratory frequency is highly modulated by factors that influence
AMPAR-mediated depolarizations in preBotC neurons including AMPAR desensitization
(Fig. 4.2A and Funk et al., 1995; Ren et al., 2006) or phosphorylation state (Ge and
Feldman, 1998; Shao et al., 2003).
AMPARs desensitize during high-frequency synaptic activity (Trussell et al., 1993),
which decreases EPSP amplitude (Funk et al., 1995; Trussell and Fischbach, 1989;
Trussell et al., 1993; Vyklicky et al., 1991). Similar to Funk et al. (1995), we found that
blocking AMPAR desensitization in preBotC with cyclothiazide (CYT) neurons increases
the frequency of inspiratory rhythmogenesis to 138±13% of control (n=6, P= 0.03, Fig.
4.2A and D). Moreover, we found that C Y T augmented the amplitude and area of
inspiratory drive potentials in preBotC neurons to 200±24% and 395±50% of control
(n=6, both P<0.01, Fig. 4.2B and D). Interestingly, the CYT-dependent augmentation did
not depended on

/c a n .

W e applied C Y T after first blocking intracellular C a2+ transients
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Figure 4.2. The effects of cyclothiazide on respiratory rhythm generation and inspiratory drive
potentials. A, Bath-application of 100 pM cyclothiazide (CYT) increased the frequency of XII
motor output. B, CTY also increased the amplitude and area of inspiratory drive potential
generation. C, 30 mM intracellular BAPTA augmented the effects of CTY on inspiratory drive
potentials. D, a bar chart summarizing our findings. In all experiments, the baseline membrane
potential is -60 mV. * denotes P<0.05, ** denotes P<0.01.
with BAPTA. In the presence of BAPTA, C Y T increased the amplitude and area of the
inspiratory drive potential to 440% and 673%

of steady-state BAPTA conditions,

respectively (n=2, Fig. 4.2C and D). Collectively, these findings suggest that AMPAR
desensitization in preBotC neurons regulates respiratory frequency and inspiratory drive
potential generation independently of

/c a n ,

presumably by enhancing the ability for

EPSPs to summate.
Pre-svnaptic mechanisms modulate EPSP summation. W e posit that presynaptic
properties that regulate the probability of neurotransmitter release should also affect
EPSP summation in preBotC neurons and thus contribute to respiratory frequency
modulation.

For example,

nicotine increases respiratory frequency and

both the

amplitude and frequency of spontaneous EPSPs in preBotC neurons independently of
somatic membrane potentials and action potential generation (Shao and Feldman,
95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2001). Conversely, as riluzole begins inhibiting the probability of neurotransmitter
release (> 10 minutes) (Chapter 1 and Doble, 1996; Pace et al., 2007b), the interburst
interval lengthens (Fig. 1.3 and Del Negro et al., 2002; Del Negro et al., 2005; Pace et
al., 2007b). Collectively, these findings suggest that presynaptic mechanisms that
regulate presynaptic neurotransmitter release, especially the frequency of EPSPs, affect
respiratory frequency.
Baseline membrane potential. In preBotC neurons, several mechanisms that affect
baseline membrane potentials influence respiratory frequency. The

most obvious

example is elevated concentrations of extracellular K+ that facilitate spontaneous
rhythms in the in vitro slice preparation (Smith et al., 1991 among many others).
Elevating

E

k

by increasing the K+ in the bath solution causes widespread depolarization

that corresponds with an increase in respiratory frequency (Del Negro et al., 2001).
Mechanisms that affect baseline membrane potential via post-synaptic intrinsic
currents also regulate respiratory frequency. For example, closing a K+ channel
consistent with W with the the GABA b receptor agonist baclofen or the p-opioid agonist
DAM GO decreased the frequency of - and then blocked entirely - respiratory rhythm
generation (Brockhaus and Ballanyi, 1998; Johnson et al., 1996; Ruangkittisakul et al.,
2006; Gray et al., 1999). Interestingly, activating a tonic inward current by opening a
postsynaptic mixed-cation channel via either M3-like acetylcholine or neurokinin-1
receptors also increases respiratory frequency (Gray et al., 1999; Hayes and Del Negro,
2007; Shao and Feldman, 2000).
Frequency modulation independent of interburst spiking: three case studies. The
rate of recurrent excitation may not primarily depend on the rate of interburst spiking. For
example, blocking the transient A-type K+ current

( / a ),

which is highly expressed in the

putatively rhythmogenic preBotC neurons (Hayes, 2007; Inyushkin, 2005; Rekling et al.,
1996), increases spontaneous interburst spiking of preBotC neurons without effect on
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baseline membrane potential, but does not affect the mean respiratory frequency
(Hayes, 2007). Moreover, W

in preBotC neurons does not contribute to respiratory

frequency modulation (Del Negro et al., 2002; Del Negro et al., 2005; Pace et al., 2007b;
Paton et al., 2006) despite its well-known general property of increasing spike output at
both baseline and more depolarized levels (Del Negro et al., 2002; Del Negro et al.,
2005; Doble, 1996; Pace et al., 2007b; Paton et al., 2006; Ptak et al., 2005; Urbani and
Belluzzi, 2000). These examples show that changes in interburst spike frequency do not
affect respiratory frequency.
The independence of interburst spiking and respiratory frequency modulation
become clear when we examine the role of the hyperpolarization-activated current
preBotC neurons. Blocking

/h

(/h)

in

decreases interburst action potentials but has no affect on

somatic baseline membrane. Interestingly, blocking

/h

increases the frequency of

respiration, which may seem counterintuitive considering the reduction in interburst
spiking (Thoby-Brisson et al., 2000). In hippocampal and pyramidal neurons,

/h

normally

inhibits dendritic temporal summation by decreasing the duration of EPSPs (Alle and
Geiger, 2006; Angelo et al., 2007; Magee, 1998; Magee and Cook, 2000; Williams and
Stuart, 2000; Ying et al., 2007). These findings suggest that the magnitude of EPSPs
influence respiratory frequency more so than interburst spiking.

4.3. Discussion
Here we examine respiratory frequency modulation within the context of the
group pacemaker hypothesis. Within this framework, low frequency synaptic inputs
excite other neurons resulting in a build-up phase during which EPSPs escalate until a
certain threshold is reached and a network burst is triggered. Therefore, we argue that
EPSP dynamics dictate the rate of recurrent excitation and ultimately the frequency of
respiratory rhythm generation.
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First, we showed that low-frequency EPSPs are critical for rhythmogenesis using
the low-affinity AMPAR antagonist DGG, which blocked rhythm generation but has
minimal effects on the amplitude of AMPAR-mediated depolarizations evoked using the
puffing protocol.
The

roles

of

EPSP

summation

and

synaptic

integration

in

respiratory

rhythmogenesis have largely been ignored because past studies interpreted frequency
modulation within the framework of the pacem aker hypothesis, which has been seriously
challenged by several recent studies (Chapter 1, 2, 3 and Del Negro et al., 2002; Del
Negro et al., 2005; Kosmidis et al., 2004; Pace et al., 2007a; Pace et al., 2007b; Paton,
1996). Therefore, in order to understand frequency modulation we must first study how
EPSP dynamics regulate recurrent excitation and synaptic integration in preBotC
neurons.
The group pacemaker hypothesis posits that the rate of recurrent excitation
depends on the frequency of interburst spiking; the more interburst spiking, the less time
is required to trigger the subsequent burst (Feldman and Del Negro, 2006; Rekling and
Feldman, 1998). This is in part based on observations that increases in the baseline
membrane potentials roughly correspond to increases in the frequency of respiration.
However, several lines of evidence suggest that respiratory frequency modulation is
independent of mechanisms
interesting example is

/h .

involved

Blocking

/h

in regulating

interburst spiking. The

most

decreases interburst spiking while increasing the

frequency of respiration. Another seminal finding is that blocking /n3p has no effect on the
frequency of inspiratory rhythm generation (Del Negro et al., 2002; Del Negro et al.,
2005; Pace et al., 2007b) despite its ubiquitous role in promoting spike output in every
context in all neurons examined (Del Negro et al., 2002; Del Negro et al., 2005; Doble,
1996; Kosmidis et al., 2004; Pace et al., 2007a; Pace et al., 2007b; Ptak et al., 2005;
Urbani and Belluzzi, 2000). Moreover, blocking /a increases interburst spiking, but has
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no effect on the mean interburst period (Hayes, 2007). These findings suggest that the
rate of recurrent excitation depends on the properties governing synaptic integration but
not interburst spiking. This is a significant clarification of the group pacemaker
hypothesis.
In the interneurons of the Aplysia abdominal ganglion and leech heart, as well as
mammalian

hippocampal

and

pyramidal

neurons,

depolarizing

the

presynaptic

membrane potential increases the amplitude of the postsynaptic EPSP (Alle and Geiger,
2006; Ivanov and Calabrese, 2003; Shapiro et al., 1980; Shu et al., 2006). Therefore, if a
similar

mechanism

exists

in the

rhythmogenic

neurons

of the

preBotC,

then

depolarization would enhance temporal EPSP summation, which would speed up the
respiratory frequency analogous to blocking AMPAR desensitization. This hypothetical
scenario implies that baseline membrane potential can influence respiratory rhythm
generation

independently of effects on

interburst spiking and therefore

requires

additional testing.
Normally, the mechanisms primarily responsible for drive potential generation
largely function independently of frequency modulation. Since these mechanisms,
namely

/c a n ,

are only active during the inspiratory burst, their attenuation will not

influence the events involved in recurrent excitation preceding the activation of the
VG C C s that trigger burst generation. However, if drive potential generation is severely
attenuated, then burst generation may begin to fail and the frequency will dramatically
decrease. This explains how respiratory frequency can be finely regulated and labile to
appropriate inputs while inspiratory burst generation remains robust over a wide range of
frequencies. Interestingly, many of the mechanisms that regulate respiratory frequencies
also influence drive potential generation suggesting that EPSPs are directly involved in
triggering the mechanisms involved in drive potential generation.
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These finding raise several questions regarding how EPSPs from convergent
inputs summate and trigger drive potential generation. W e propose that drive potential
generation is triggered when a critical number of neurons fire by chance within a limited
window of time. This is why changes in synaptic transmission and not baseline
membrane potential modulate the frequency of drive potential generation. F r o m

this

study, we conclude that respiratory frequency modulation depends on EPSP summation,
which is a product of the interaction of network and cellular properties.
It is also evident that much remains unknown about respiratory frequency
modulation, including how multiple synaptic inputs converge, integrate and trigger drive
potential generation. Additionally, we know very little about the connectivity and structure
of the network. Moreover, gap junctions may also contribute to temporal EPSP
summation, but this remains to be explored (q.v. Rekling et al., 2000).
Accordingly, we propose a major shift in how questions regarding rhythm pattern
generation and specifically, frequency modulation are framed; we propose that future
experiments exploring respiratory modulation primarily focus on how various conditions
affect EPSP dynamics and summation. Additional, studies regarding connectivity and
synaptic integration are also required before a comprehensive understanding of
respiratory frequency modulation will emerge.

4.4. Methods
W e used neonatal C57BL/6 mice aged 0-5 days (PO-5) for experiments in vitro.
The Institutional Animal Care and Use Committee (The College of William and Mary)
approved all protocols.
Neonatal

mice

were

anesthetized

using

hypothermia

and

then

rapidly

decerebrated. The neuraxis was dissected in normal artificial cerebrospinal fluid (ACSF)
containing (in mM): 124 NaCI, 3 KCI, 1.5 CaCb, 1 MgS04, 25 NaHCC>3 , 0.5 NaH2P04,
and 30 D-glucose, equilibrated with 95% O 2 and 5% C O 2 with pH=7.4. Using a vibrating
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microslicer and landmark criteria recently characterized via an online histology atlas
(Ruangkittisakul et al., 2006), we cut transverse slices (550 pm thick) that retained
hypoglossal (XII) motoneurons and premotoneurons, as well as active respiratory
circuits with the preBotC at the rostral surface: the rostral cut captured the rostral-most
XII nerve roots, the dorsomedial cell column and principal lateral loop of the Inferior
Olivary nucleus, which places the preBotC at or near the rostral surface. The caudal cut
captured the obex.
Slices were perfused with 27°C A C S F at 4 ml/min in a 0.5 ml chamber mounted
rostral side up in a fixed-stage microscope equipped with Koehler illumination, infraredenhanced differential interference contrast videomicroscopy. A CSF K+ concentration was
raised to 9 mM and respiratory motor output was recorded from XII nerve roots using
suction electrodes and a differential amplifier. The XII discharge was conditioned using a
true RM S-to-DC converter (Analog Devices, One Technology Way, Norwood, MA), which
produces a full-wave rectified and smoothed XII waveform based on the root-meansquare of voltage input to the differential amplifier (Dagan Instruments, Minneapolis,
MN).
All electrical recordings were performed on inspiratory preBotC neurons, visually
localized with IR-DIC videomicroscopy ventral to the semicompact division of the
nucleus ambiguous, and confirmed via recording to exhibit an inspiratory discharge
pattern. W e discarded recordings from expiratory neurons, which are not thought to be
rhythmogenic (Brockhaus and Ballanyi, 1998) and did not attempt to identify neurons
with pacemaker properties, since all rhythmogenic preBotC neurons are endowed with
the same complement of intrinsic membrane properties (Chapter 1, 2 and 3 as well as
Hayes and Del Negro, 2007; Pace et al., 2007a; Pace et al., 2007b). Current-clamp
recordings were performed using a Dagan IX2-700 amplifier (Minneapolis, MN). Data
were digitally acquired at 4-20 kHz using a 16-bit A/D converter after low-pass filtering at
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1 kHz to avoid aliasing. Intracellular pipettes (with 3-4 MQ resistance) were fabricated
from capillary glass (O.D., 1.5 mm; I.D., 0.87 mm). Recording pipettes were filled with a
standard K-Gluconate solution contained (in mM): 140 K-Gluconate, 5 NaCI, 0.1 EGTA,
10 HEPES, 2 Mg-ATP, and 0.3 Na-GTP, or a 30 mM BAPTA solution: 30 K4 -BAPTA, 20
K-Gluconate, 10 NaCI, 10 HEPES, 2 MgCb, 50 sucrose, 0.3 Na-GTP, and 1.6 mM
CaCh. The liquid junction potential of the K-Gluconate and BAPTA (8 mV) patch solution
was not corrected offline.
W e used a micropressure ejection system (Toohey Company, Fairfield, New
Jersey) gated by an external pulse generator at 0.1 Hz to locally deliver A C S F containing
250 pM AMPA (Tocris, Ellisville, MO). After obtaining a whole cell recording, we visually
positioned a patch-like pipette near the dendrite of the recorded neuron. T T X (0.5 pM;
Tocris) was then added to silence the network and the pressure of the injection was
adjusted (1-4 psi) in order to evoke a somatic depolarization that matched the amplitude
of the neuron’s endogenous inspiratory drive potential (Fig. 3.1). Throughout the
experiment, we continuously monitored membrane potential and adjusted the bias
current to maintain a baseline membrane potential of - 6 0 mV in order to provide a
uniform standard for comparison among many experiments. W e bath-applied these
drugs obtained from Tocris: tetrodotoxin citrate (TTX), GYKI 52466 (GYKI), y-DGG
(DGG), and cyclothiazide (CYT).

DL-2-Amino-5-phosphonovaleric acid (APV) was

obtained from Sigma and was also bath-applied.
For the AMPA-mediated depolarizations, we averaged 10 consecutive cycles of
the evoked-depolarization in each drug condition. The peak amplitudes of the averaged
traces were measured and recorded using the peak parameter extension in Chart
software (AD Instruments, Colorado Springs, CO). For measuring endogenous network
activity, we measured the amplitude and area of inspiratory drive potentials and XII
motor output. The inspiratory drive potential was obtained by digitally filtering the
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intracellular voltage trajectory to remove spikes but preserve the amplitude and area of
the underlying voltage trajectory. Respiratory frequency in vitro was computed using the
average of ten consecutive inter-inspiratory burst intervals, where each cycle was
triggered by XII motor output. W e then computed and recorded the mean and standard
error mean values (mean ± SEM ) for each drug condition. Significance was assessed
using two-tailed, paired t-tests, with significance set at a minimum of p<0.05.
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CONCLUSION

The work presented in this dissertation improves our understanding of the neural
mechanisms underlying inspiratory drive potential generation in preBotzinger (preBotC)
neurons. Here we test and disprove the highly touted belief that pacemaker properties
and InaP in preBotC neurons are obligatory for rhythm generation using the most
thorough and insightful tests of the pacem aker hypothesis to date. The group pacem aker
hypothesis is an alternative hypothesis that posits synaptic input, which is initially
amplified by recurrent excitation, triggers postsynaptic intrinsic membrane conductances
to generate inspiratory drive potentials. While much is known about the membrane
conductances underlying endogenous bursting properties, this dissertation is the first
study attempting to understand how intrinsic membrane conductances interact with
synaptic input to form the robust burst potentials observed in preBotC neurons during
the inspiratory phase of respiration.
W e show that inspiratory drive potentials in all preBotC neurons depend on
synaptic input coupled to intrinsic membrane conductances including voltage-gated C a2+
channels (VGCCs), the C a2+ activated non-specific cationic current

( /c a n ),

and K+

channels, but not the persistent N a+ current ( W ) . Subtypes 1 and 5 of the group I
metabotropic glutamate receptor family (m G luRI and 5) contribute to inspiratory drive
potential by regulating a K+ channel and triggering inositol 1,4,5-trisphosphate (IP 3)
receptors (IP 3 R)-mediated intracellular C a2+ release, respectively. Moreover, we found
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that a small portion of the drive potential generation depends on NMDARs. C a2+ influx
from VG CCs, IP 3 R-mediated intracellular Ca2+ release, and - to a lesser extent NMDARs bind to TR P M 4 and TR P M 5 ion channels giving rise to

/c a n ,

the main charge

carrier of the inspiratory drive potential.
These findings are inconsistent with the previous notion that AMPARs are
primary charge carrier during drive potential generation and suggest that AMPARs
contribute little if any of the actual inspiratory drive potential. Instead, we posit that
AMPARs are critical for rhythm generation because AMPAR-mediated EPSPs temporally
summate and activate VGCCs; the resulting C a2+ influx leads to

/can

activation, the

major player in drive potential generation. Moreover, we found that the initial kindling of
low-frequency AMPA receptor (AMPAR)-mediated excitatory postsynaptic potentials
(EPSPs) is critical for respiratory rhythm generation. These findings are consistent with
recurrent excitation and the group pacemaker hypothesis.
In Chapter 3, we demonstrated a novel mechanism of IP 3 R activation. In contrast
to traditional frameworks, we found that the rate-limiting step of IP 3 R activation in
preBotC neurons was the binding of C a2+, not IP 3 . In contrast to the >200 ms normally
required for group I mGluR activation to trigger IPsR-mediated C a2+ release, this
scenario allows C a2+ influx to triggers IPsR-mediated depolarizations within tens of
milliseconds.

To our knowledge, this is the first demonstration of C a2+-induced IP 3 R-

dependent intracellular C a2+ release in a real physiological context.
Within the framework of the group pacemaker hypothesis, respiratory frequency
depends on the rate of recurrent excitation. Since inspiratory burst generation ultimately
depends on the activation of VGCCs, we posit that the interburst frequency depends on
the time required for recurrent excitation to reach the activation threshold of VG CCs.
Chapter 4 suggests that properties governing temporal summation are important in
frequency modulation. Many of the ideas presented in Chapter 4 are based on
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experimental observations from other labs that tested respiratory frequency modulation
within the paradigm of pacemaker neurons. Contrary to popular belief, we conclude that
respiratory frequency modulation is largely independent of interburst spiking. These
findings emphasize the need for additional studies exploring the properties of temporal
summation in preBotC neurons and possible a link between presynaptic depolarizations
in baseline membrane potentials and the magnitude of postsynaptic EPSPs.
In summary, this dissertation provides considerable insight into the neuronal
mechanisms of respiratory rhythm generation in mammals. W e show that traditional
explanations, such as voltage-dependent pacem aker neurons drive respiratory rhythm
and inspiratory drive potentials reflect AMPA receptor-mediated ionotropic synaptic
current are too simplistic. Instead, respiratory rhythmogenesis is a far more intricate
process that involves emergent network properties, endowed by the close coupling of
both

ionotropic and

metabotropic synaptic excitation to

postsynaptic

membrane

properties through the complex interaction of voltage-dependent and biochemical
signaling pathways. This far more nuanced view of rhythm generation in CPG s may be
applicable to other rhythmic systems, such as locomotion or cognition. W e contend that
the respiratory oscillator in the preBotC can serve as a crucial Rosetta stone to advance
our understanding of how fundamental molecular and cellular/synaptic properties give
rise to real physiological behaviors.
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